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“Little David", a modern slingshot, provides instant 
action when seconds count... hurling a lethal Goliath- 
killer into the blue at the snap of a finger. 


The “Little David” Catapult is RMI’s answer to many 
launching problems. One of the newest developments of 
Reaction Motors, Inc. rocket power research, this su- 
perior device can be used for a wide variety of launching 
applications. 


RMI, first American rocket engine company, has many 
other significant “Firsts” in powerplant development, and 
is a leader in the application of rocket power for... Air- 
craft Powerplants ... Missile Boosters ‘and Sustainers 

Auxiliary Power Units...and many special related devices. 
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Power Source for the Hughes Falcon 


The Falcon, designed and built by Hughes Aircraft for the United States Air Force, 
is one of the smallest air-to-air guided missiles in production. It is launched from interceptor 
planes and is capable of pursuing and destroying enemy bombers taking evasive acticr 


The power required to launch and propel the Falcon from an interceptor 
is supplied by a “Thiokol” solid-propellant rocket motor. 


Development of the Falcon motor is the result of close teamwork 

between Thiokol, Hughes Aircraft and the Armed Services. Thiokol is also engaged 
in other programs that provide our Armed Services with improved solid- 
propellant rockets adapted to specific operational requirements. 


SOLID PROPELLANT PROPULSION AND POWER UNITS FOR: 
a4 ALL TYPES OF ROCKETS GAS GENERATORS 
GUIDED MISSILES AIRCRAFT ASSIST TAKEOFF UNITS 


; BOOSTERS SHORT DURATION POWER PLANTS 


EERS AND CHEMISTS 
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ond menufocturing SYNTHETIC RUBBERS PLASTICIZERS CHEMICALS ROCKET MOTORS 
78O NORTH CLINTON AVENUE TRENTON 7, NEW JERSEY 
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It is no secret that guided missiles have 
become a major program in the aviation 
industry. It is no secret, either, that 
Western Gear’s extensive precision gear 
making facilities, coupled with its 66 
years of engineering experience, have 
made it a leader in supplying mechani- 
cal power transmission components for 
guided missiles. Western Gear has un- 
excelled facilities for research, design 
and testing as well as the manufacture 
of precision fine pitch gearing. 

May we suggest that you avail your- 
self of further information on how West- 
ern Gear can assist you in any program 
your company may be undertaking in a 
the guided missile field? For further in- = : Olin N 
formation, please direct your inquiry to = produ 
Executive Offices, Western Gear Works, a ; 

P.O. Box 182, Lynwood, California. 
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One of the nation’s leading producers of ammonia, 
Olin Mathieson operates major facilities at 

Lake Charles, Louisiana; Niagara Falls, New York; 
and Morgantown, West Virginia. 


AMMONIA.____~ 


ETHYLENE OXIDE_~_ 


Brandenburg, Kentucky, produces substantial tonnages 
of this fuel component. 


A propellant and additive to liquid fuels, hydrazine 
is produced at Lake Charles, Louisiana, in 
commercial quantities. 


HYDRAZINE 


: Olin Mathieson’s modern petrochemical plant at 


UN Ss. DIMETHYL Potential applications of unsymmetrical dimethyl 


hydrazine are analogous to those served by the 


HYDRAZINE parent series of hydrazine compounds. 


| HNO, is available in tank cars and tank trucks 
NITRIC ACID ae Fe 1 from Lake Charles, Louisiana, and other points. 


Olin Mathieson, for over 60 years a leading 

producer of basic industrial chemicals, offers MATHIESON CHEMICALS 
* OLIN MATHIESON CHEMICAL CORPORATION 

you a dependable source of supply for impor- i INDUSTRIAL CHEMICALS DIVISION * BALTIMORE 3, MD. 

font rocket fuel components. For complete infor- MATHIESON 
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«SILVER CREEK , NEW YORK, 


me effective combination of design, know 
how and precise workmanship have made 
available this linear actuator. This rugged, 
compact, dependable unit has proven able 
to perform under the most adverse conditions 
and temperature changes. 
In this particular design, overloads on the 
drive tube, in both directions of the stroke, 
actuate a short stub shaft, compressing the 
spring’ and operating a limit switch which is 
connected to the power source. 
New heights of performance demand new 
standards of precision and dependability. 
Bring your next actuator design problem to 
us, 


Call or phone: he 


NEWBROOK MACHINE CORP. 


SILVER CREEK, NEW YORK 
PHONE: 44 
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HYDRAULIC POWER UNIT 


A5,000 DEGREE HOT BLAST OF FURIOUS SOUND...AND A ROCKET 


I$ LAUNCHED. But before this awesome spectacle occurs, many 
products must play a dependable role. One of these products is the 
Loud hydraulic power unit which furnishes power to raise the 
rocket to firing position from loading position. 


The Loud hydraulic power unit uses 208 volts, 400 cycle, three 
phase power to operate 3,000 psi hydraulic system. The operating 
controls work from 24 volt DC power. 


Loud has now produced these hydraulic power units in impressive _ 
quantities for the “Nike” program, to exacting military standards. 


H. W. LOUD MACHINE WORKS, INC. 
969 EAST SECOND STREET, DEPT. 12, POMONA, CALIFORNIA 


Engineering and design 
development by 
Hoskel Engineering 
Glendale, California 
National Soles and Service by 
Heskel-Loud Aircraft Service Corp. 
Glendale, California , 

esi ent Sales Engineers located i ‘ 
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In recent years Nitrogen Tetroxide has be- Here are the specifications of this 9 
‘ 99.9% pure Nitrogen Division product: uty 
come an important research tool for rocket — = 
lar Wei min 
development. Its special characteristics — 
giving 100% consumption—make it especi- Boiling Point 21°C 
ally adaptable to large scale rocket and Freezing Point —11.3°C 7 
—4 Per 
guided missile use. Critical Temperature 158°C of reli: 
—— previo 
Latent Heat of Vaporization 99 cal/gm @ 21°C 
Performance of Nitrogen Tetroxide ex- : — 
ceeds that of hydrogen peroxide, red or Critical Preseure 99 atm. > 
white fuming nitric acids and mixed acid. Specific Heat of Liquid 0.36 cal/gm —10 to 20°C 
It is easily handled—ordinary steel con- Density of Liquid “71.45 at 20°C FAILUF 
tainers, pipes, storage tanks can be used. Density of Gas 3.3 gm/liter 21°C, 1 atm. 
Vapor Pressure 2 atm. at 35°C 
Write today for full details. Available in 125- RELIABI 
ha Ib. steel cylinders and 2,000-lb. containers. Availability Good —— 
Ni TROGEN DI VISION Anhydrous Ammonia * Ammonia Liquor * Ammonium Sul] 
Sodium Nitrate * Methanol Ethanolamines * Ethy!one Proce 
0 n />/ Ethylene Glycols * Urea © Nitrogen Tetroxide * Forr 1054, 
40 Rector Street, New York 6, N. Y. U.F. Concentrate—85 * Nitrogen Solutions Fertilizers & Fem ! Eng 
Hopewell, Va. * Ironton, Ohio * Orange, Tex. * Omaha, Neb. © CHE Supplements *Nur 
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The problem of reliability in guided missiles is reviewed. 
Results of tests of several missiles are examined to show the 
nature of the problem. Fundamentals of reliability are 
reviewed, and examples of life parameters given. Data 
needed for a complete solution of the problem are in- 
dicated, and the steps involved in a satisfactory immediate 
solution are outlined. 
= 
Introduction 


ie the problem of reliability is common to all fields 
of engineering, due to the operating conditions, it is par- 
ticularly noticeable in those fields which have to do with mili- 
tary weapons. Unfortunately, the requirements for relia- 
bility seem to be poorly understood. This paper reviews 
the basic principles of reliability, and presents in general terms 
the steps and procedures which are required if a reliable device 
isto be obtained. 

The dictionary states that reliable is a word meaning “‘suita-_ 
tle or fit to be relied on, trustworthy.”’ This is a very nice 
iefinition but it is not very good for engineering, since it is — 
not stated in terms of numbers. An engineering definition 
vhich appears suitable is: ‘Reliability is the mathematical 
probability that a device will operate as required.’ This 


The Reliability of Historical Missiles _ 


Perhaps it is well to determine if there really is a problem 
if reliability in guided missiles. The record of some of the 
previous developments should answer this. Fig. 1 shows the 


NUMBER LAUNCHED 68 

NO KNOWN MALFUNCTION 32 

SATISFACTORY FOR INTENDED PURPOSE 45 
FAILURES : 

PAYLOAD 3% OF TOTAL LAUNCHED 

PROPULSION SYSTEM 21% OF TOTAL LAUNCHED 

GUIDANCE SYSTEM 29% OF TOTAL LAUNCHED 
RELIABILITY: 

WORKED CORRECTLY a 47% 

USE ABLE 67% 


Fig. 1 V-2 in the United States 


oer at the ARS Fall Meeting, El Paso, Tex., Sept. 23, 


‘Engineer, Guided Missiles Department. 
* Numbers in parentheses indicate References at end of paper. 
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record of the German developed V-2 rocket as used in this 
country. It will be noted that of the 68 launched in this 
country, 47 per cent worked correctly, and 67 per cent were 
usable. The failures which occurred are approximately 
equally divided into the propulsive system of the missile and 
the guidance system. Considering that the V-2 was a well- 
developed device used in quantity, this record is not very im- 
pressive. However, the reliability figures are undoubtedly 
affected by the age of the missile at the time of these opera- 
tions and by its exposure to unintended shipping and han- 
dling procedures. On the other hand, each of these missiles 
was very considerably “‘babied.” This possibly compensated 
for the increased age, since the reliability record in Germany 
was not very different than for this country. 

Another example is the Viking rocket, for which published 
data are summarized in the table shown in Fig. 2. Of the 

TOTAL LAUNCHED 


RELIABILITY: 


TOTAL CONSTRUCTED 9 


TOTAL FLOWN 


3=33% OF TOTAL FLOWN 


efinition immediately points out that the problem of relia- — yoo ABLE 494.4% OF TOTAL FLOWN 
tility is a problem in operational research (1, 2).2_ In other 6«67% OF TOTAL FLOWN 
words, the required conditions of operation must be deter- 
nined, and then the ability or the probability of meeting these —— ; i 

operating conditions must be determined separately. Fig. 2 Viking record 


nine missiles constructed at the time of writing, the total num- 
ber intentionally launched is eight and the number actually 
launched is nine. The discrepancy is due to an accidental 
launching due to structural failure. Of these nine missiles, 
33 per cent were good, which has been interpreted as meaning 
attaining 80 per cent of rated performance. Forty-four per 
cent were acceptable, and 67 per cent failed. This record is 
somewhat poorer than for the V-2, but it must be remembered 
that these are the first of a design, whereas several thousand 
V-2’s had been fabricated. In view of this, the Viking has 
given (and is still giving) very credible performance. 

The data shown in Fig. 3 for the Bumper test vehicle are 
interesting because they show the effect of two rockets in 
series. It is seen that three of the first stage were good, two 
were partially good, and three failed. Since the first stage 
was the V-2, it would be expected that the performance could 
not be better than for the V-2. This is confirmed by these 
figures. The second stage appears to be better in reliability, 
showing three out of five good, two out of the five failing, and 
three others for which there was no opportunity to determine 
performance due to failure on the first stage. Over-all, only 
two of the missiles were good, and one partially so. 

Actually, in the entire series of Bumper vehicles there was 
not a single round on which every piece of equipment operated 
properly. Even on round 5, which set altitude and velocity 
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the total number occurring. 


It is very apparent that the Fig. 7 Probabilities 
JET PROPULSION 1¢ 


largest percentage of failures has occurred at the time the 
missile has left the ground. In fact, only one round had y 


2 chance of operating properly. This trend also appears jp be 
3 the V-2 failures, although only about 30 per cent occur before pF 
4 FAIL 
5 GOOD GOOD | failu 
6 FAIL ACCEPT: 1/10 FLIGHTS= 1/3600 sec. syste 
P. GOOD FAIL DESIRE: 1/100 FLIGHTS= 1/3600 sec. 
8 P. GOOD GOOD at th 
vi ilu 
SUMMARY: ATTAINED: 8:1 IMPROVEMENT Th 
Ist. STAGE 3 GOOD 2 P GOOD 3 FAIL REQUIRED: 20:1 IMPROVEMENT For t 
id 2nd.STAGE 3 6G00D = 2 FAIL DESIRED: 200°! IMPROVE MENT 
OVERALL 2 GOOD GOOD 5 FAIL 
4 
Fig. Bumper record Fig.6 HA-1 specifications 
records, there were two failures which affected the performance It is interesting to compare the results obtained w th th 
appreciably. Even this good flight yielded only about 80 per Hermes A-1 vehicle with its specification goal. As sh wn in 
cent of maximum design performance. Fig. 6, the acceptable failure rate was one per ten flig! ts cor- 
Fig. 4 shows the number of known failures which occurred responding to one failure per 3600 seconds of fligh' time. 
in the Hermes A-1 test vehicle program. The data are given The desired performance was one failure for 100 fligh’s, cor- 
responding to one failure in 36,000 seconds. During the 
ROUND "FLIGHT —_No. FAILURES course of the tests of the 5 vehicles, about an 8-to-1 in prove- 
y 39 sec. ment was obtained. Before the vehicle could be con-idered 
er 142 sec. developed to the acceptable stage, a 20-to-1 further in:prove- 
> O sec. ment would be required. A 200-to-1 improvement w: ld be 
4  —— 173 sec. required to bring the vehicle to its full development. simple 
5: ewe. These data indicate that there is definitely a prol)lem of failure 
— reliability in guided missiles. Of course, this is known to all tthe | 
who are working in the field. ang 
lower 
Elements of System Reliability examp 
Consider now some of the elements of system reliability 
(1,2, 3). It appears that there are basically two types of sys- 
a — HALF wiibon tems, the series system and the parallel system. A series The 
mu? De, system may be defined as one wherein all the elements of the J ce 
4 system are in series as far as failure is concerned, so that one § “"*® 
Fig.4 HA-1 record failure produces a failure of the over-all system. A classic i - 
in terms of time of flight and the number of failures occur- example of this is a log chain. If one link fails, the chain failure 
ring in each flight. Note that round 3 did not take off, and was has failed. : ’ improv 
t i 4. : . In a parallel system it takes more than one failure before § "? 
ested later in the position of round 6, here designated round anila cable, mralle 
3-A. For this vehicle the over-all failure rate is one failure the system fails. An example of this is Manila > » practic 
in 76 seconds of flight. For the first three vehicles the failure which is made by twisting fibers weed bundles, ee = in paral 
. strands, strands into rope, and rope into cable. Failure of a 
rate was one failure per 20 seconds of flight, and for the second ‘ee this yie 
three vehicles the failure rate was one failure per 160 seconds single fiber, or even of a bundle, will not materially change rrid-to- 
of flight. This indicates that appreciable progress was being the strength of the cable. F . ill proba bi 
‘made in the reliability. There are many examples of parallel sy stems in present- Fite 1 
; aaa in day commercial aircraft. For example, radio equipment in 
the airplane is generally in five separate installations. Four “*PP& 
ROUND TIME AT FAILURE = of them can fail and communications still exist. If the fifth |" of 
0,0, sec. one fails, communications are lost, but the pilot still is able to § 
carry on through the application of intelligence. 
a “el O sec. It appears to be generally true that man-made systems are 
4 sec. almost always series systems, whereas natural systems, that 
Bes > 4 Ds 7 is, the ones designed by nature, are almost always parallel. 
_ ae a The human race is an exampie of the parallel system. Nature 
does not depend on uniqueness nor on dhdividual reliability. 
Some characteristics of the series and parallel systems are 
ae shown in Fig. 7. By definition, the sum of the probability of 
¥ 
2 
TOTAL No. 
torte? SERIES: Pe, x Pg, —--—— ~ 4a 
PARALLEL: Pe, x Peo x F 
Fig. 5 HA-1 record SERIES: (ALL Pg EQUAL) The p 
on Ss 
_ The failure incidences are shown in a different fashion in PARALLEL: Po= (Py )" (ALL P¢ EQUAL) his sy 
Fig. 5 which plots the time at which failures occurred versus tion of { 
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success, P,, and the probability of failure, Py, is unity. For 
the series system the probability of over-all success is the prod- 
yet of the probability of the individual successes. For the 

ralle] system the probability of over-all failure is the prod- 
yct of the probabilities of the individual failures. If the 
fgilure probabilities are identical for all components of the 
system, then the series probability of success is the probability 
{success of a component raised to the nth power, where n 
is the number of components in the system. Similarly for 
failures in the parallel system. 

The magnitudes of the numbers involved are important. 
For the series system these are shown in Fig. 8. Even for 


NUMBER OF COMPONENTS IN SERIES 


10 100 

10 100 

85 196 

w 

> .95 .600 006 

@ .99 .905 366 

999 99 905  —-.366 


Fig. 8 Series system probabilities (all P; equal) 


imple systems which are composed of only 10 components, 
failure probabilities of less than one in a hundred are required 
ifthe over-all failure probability is to be less than one in ten. 
More complex systems must have failure probabilities much 
lower than this, if adequate results are to be obtained. For 
example, for a system of a thousand components, which is 
not very complex, individual reliabilities of one failure per 
1000 c »mponents yields an over-all reliability of only 36 per 
cent, which is hardly worth while. 

The probabilities of success in the parallel system are 
markedly improved, as shown in Fig. 9. For example, even 
for failures as high as one in twenty, four elements in parallel 
have essentially unity reliability. This means that the poor 
failure probability of the series system could be markedly 
improved if it were possible to put two or more systems in 
parallel. Unfortunately, it is extremely difficult to do this in 
practice. For example, suppose two vacuum tubes are used 
inparallel. For several of the characteristics of vacuum tubes 
this yields a parallel system. However, for such items as 
grid-to-plate shorts the system is a series system, and the 
probability of success has been degraded through the increase 
ofthe number of components in the new system. In general, 
itappears that man-made parallel systems require the applica- 
tion of intelligence to determine the proper time to switch 
ver from a failed system to a new one. This is what is done 
in aircraft. 


NUMBER OF COMPONENTS IN PARALLEL 
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Fig. 9 Parallel system probabilities (all P, equal) 


The preceding simplified discussion was based on all com- 
ponents having identical failure probabilities. In practice 
his is never true. There has been considerable investiga- 
tion of the distribution of component failures. It appears 
that a reasonable distribution is that the first 10 per cent of 
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the components cause one fourth of the failures, with the next 
14 per cent, 21 per cent, and 55 per cent also causing one fourth 
each. If the components are assigned numbers in descending 
order of failure rate, they wil] plot a curve as shown in Fig. 10. 
Such plots are useful in determining the components which 
require attention. 


10% CAUSE 25% FAILURES 


PROBABILITY OF FAILING 


COMPONENTS 
Fig. 10 Distribution of failure probabilities 


This elementary discussion indicates that either parallel 
systems with intelligence switchover or components of ex- 
tremely high reliabilitv are required if over-all system relia- 
bility is to be obtained. In the missile field it is extremely 
difficult to apply intelligence, at least to the missile during 
flight. This indicates that the best line of attack is the 
attainment of high component reliability. 


The Types of Failures 


The questions which then arise are: How does each 
component fail, what makes it fail, what governs these fail- 
ures, and how can the component be redesigned to give better 
performance? To answer these it is necessary to investigate 
the types of failures which can occur. 

It seems reasonable that some components will fail the first 
time they are tried, and that as time goes on the number of 
such failures will decrease. Generally, such failures will be 
due to poor workmanship or poor materials. Eventually, 
after sufficient time has elapsed there should be no more fail- 
ures. In this case the plot of the total number of failures 
which have occurred vs. time and the failure curves are shown 
in Fig. 11 where the failure rate is given approximately by 
the expression shown. Obviously the curves shown are 
idealized smooth data which will not be encountered in prac- 
tice except in very large samples; but it appears that the basic 


TOTAL No. 
FAILURES 


TIME 
Fig. 11 Initial failures 


type of failure is reasonable and can be expected. It should — 
be noted that the illustrations given here are based on a con-_ 
stant number of units in operation, with failed units being re-— 
paired or replaced. The curves are given in terms of useful | 
service life, from the start of service until failure. This gives’ 
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more representative of engineering usage. 

An example of this type of failure is found in soldered con- 
nections in electronic equipment. The first time the equip- — 
ment is tried it is found that quite a number of connections 
have been made poorly and therefore fail. After these are 
corrected, it is common experience to find additional bad 
connections at less frequent intervals until, after appreciable 
periods of operation, no more are found. Since this type of 
failure is found at the beginning of the operating life, and since 
the failure rate decreases with time, it appears proper to term 
these “‘initial failures.” 

Another type of failure which may be encountered is that — 
which shows a linear increase with time. In other words, the 
failure rate is a constant, as is shown in Fig. 12. An example 
of this type of failure is the phenomena of arc-back in indus- _ 
trial mercury are tubes. Ina given 1000 hr of operation under | 
given conditions there will be a certain number of arc backs. _ 
There is no significant variation between this value and those — 
for the preceding 1000 hr, and for the following 1000 hr. 
Theoretical investigations of these phenomena lead to the 
conclusion that it is a statistical event, which leads directly 
to the name “chance failure” for this type. 
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Fig. 12 Chance failures 
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Fig. 13 Wearout failures—ideal 


Still another type of failure is that which occurs after a | 
number of operating cycles or after a time of operation. For — 
example, if a leaf spring is flexed by a given amount many _ 
times, there will be no apparent change in the leaf spring. — 
However, it will catastrophically fail on some one operating 
cycle. 

For a single sample, the failure curve would appear as is 
shown in Fig. 13, with no failure for a given length of time, 
and then complete failure. The failure rate curve accord- 
ingly would be a single spike having a value of unity at this 
instant. However, if a number of samples are tested in this 
fashion, no two of them will fail at exactly the same time or 
number of cycles. Instead, the total number of failures will 
gradually increase, eventually reaching 100 per cent. The 


curves slightly different from the usual, but appears to be | 
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Fig. 14 Wearout failures—practical ) 


failure rate curve accordingly will be as shown in Fig. |4, and 
wil] resemble a normal probability curve. The fact that it is 
possible to state an average life for this type of failur: leads 
directly to the name ‘‘wearout failure.”’ 

These three types of failure appear to be all that exist (2), 
The total failure rate which is experienced will be the sum 
of the three individual failure rates; i.e., it will be the sum of 
the initial failures, the chance failures, and the wearout 
failures. For a given set of conditions the failure rate curve 
might be as shown in Fig. 15. This can be represented by 
the expression shown. However, in general it will sot be 
so obvious that the failure rate is composed of the three 
terms. A more probable example of failure rate versus time 
is shown in Fig. 16. Here the chance failures cannot be seen, 
but the initial failures and the wearout failures are fairly 
distinguishable. In other cases even the wearout failures 
cannot be distinguished and the failure rate may appear to 
include only initial failures. 


TIME 


Fig. 15 Total failures—first example 


TIME 


It appears probable that the degree of development of 4 
piece of equipment can be determined by plotting the failure 
rate of that equipment. For example, if the failure rate has 
the appearance shown in Fig. 11, it might be said that the 
equipment is undeveloped. If it appears as shown in Fig. 
16, it might be called partially developed. Finally, if it ap- 
pears as shown in Fig. 15, the equipment might be called fully 
developed. 

This definition of degree of development according to the 
JET PROPULSION 
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nature of the failure rate curve leads to the question: how 
do these types of failure vary? The answer to this question 
is partly contained within the definition of the types of fail- 
wes. For example, the chance failures by definition are 
beyond control. The initial failures have been defined as 


those due to faulty workmanship and material. Therefore, 
the important mr rate is the wearout rate. 
Life Expectancy 


Some data on how wearout failures vary are given in 
handbooks. A few samples are shown in Fig. 17. For ex- 
ample, the “New Departure Handbook” (4) states that the 
life of a New Departure ball bearing is given by the expression: 
“The life is equal to some constant times the ratio of the rated 
load to the actual load raised to the fourth power.’’ The 
handbook also states that for a load factor of unity the life 
of the ball bearings will average 3800 hr. Again, the life of 
high-quality oil-filled condensers is equal to some constant 
 F times the ratio of the rated voltage to the applied voltage 
'S F aised to the fifth power. The condensers are normally rated 
» that the life constant is equal to 10,000 hr at rated voltage. 
In tungsten filament vacuum tubes (5) the life of the filament 
?). F isequal to some constant times the ratio of the rated filament 
™ f voltage to the applied filament voltage raised to the 20th 
In this case the life coefficient is varied to suit the 


power. 
2 requirements of the application. It may be as short as 1000 
ve Fi, or it may be as high as 10,000 hr. 
oy 
be 

LIFE = k(t) k= 3800 HOURS 

ne le 
n, 
ly CONDENSERS 
es LIFE= k= 10,000 HOURS 


Fig. Life factor 

The important thing to note here is that the life of these 
ements is determined by the environmental conditions, 
ad usually varies in accordance with some high power of 
this environment. 

It must be remembered that these expressions are really 
jartial derivatives; that is, they relate the life to some spe- 
tiie environmental factor. To obtain a complete life equation, 
illof the pertinent environmental factors must be stated and 
the coefficients and powers determined. While this is a large 
indertaking, it does not appear to be an impossible one. 

It is also important to note that the life factor appears to 
e extremely sensitive to the environmental factors, and to 
rmember that the environment is not a single number or 
wndition but a family of conditions which vary with time. 
This indicates that a reliable design will generally be a long 
ile design. In other words, reliability is obtained by safety 
tor with respect to the various environmental parameters. 
The exception to this is obtained with equipments of low life 
wiability, with the average life being just longer than the 
required life. This demands a high level of similarity among 
nits, and relatively little variation in environment. At- 
lining these may be difficult if not impossible, so that the 
teneral rule appears to be: “‘A large safety factor gives relia- 
re Biility.”’ 

It is probably true that the initial and chance failure rates 
ire partly determined by environment. For example, a vibra- 
& fion test is a useful way of eliminating poor soldered joints. 
llowever, care is necessary to avoid damaging equipment 
ly ‘y prematuré wearout if such tests are made. 

Two examples will show that these reliability considera- 
‘ons do exist. The first is the performance of premium 
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TUNGSTEN FILAMENTS, 


miniature tubes, for which life curves (6) are shown in Fig. 
18. A number of conclusions may be drawn from these 
curves. It is obvious that the environmental factor “bulb 
temperature” is appreciably affecting the life. However, 
there are not enough data given to determine the environ- 
mental relation. Further, the bulb temperature has a differ- 
ent influence on each of the three types of failures designated. 
Electrical failures are affected the most. Also, at the lower 
temperatures mechanical failures appear to be composed of 
initial plus chance failures only. 
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7 Fig. 18 Failure rates of subminiature tubes _ 


The life curves indicate that the initial and wearout failures 
predominate. They also indicate that the expected wearout 
life is considerably in excess of 5000 hr, although there is a 
marked degree of variability in individual life. The curves 
also indicate that the initial failures are relatively high. 
These characteristics are typical of partially developed equip- 
ment. In other words, despite fifty years of development on 
vacuum tubes, the ultimate in performance has not been 
reached as yet. 

The data indicate that the most reliable operation of 
vacuum tubes can be obtained by giving the tubes an initial 
aging process and then operating them for perhaps 1000 or 
2000 hr before replacement. This must be tempered by other 
environmental factors not stated. In particular, the environ- 
mental factors which relate to the removal of tubes from the 
socket, testing, and replacement may be so severe as to render 
it best to leave the tubes in position until a failure is actually 
encountered. Evidence from equipment using a large num- 
ber of tubes indicate that this is true. 

Another example is a very common piece of military equip- 
ment, the Springfield rifle (7). The rifle is designed to oper- 
ate at a chamber pressure of about 50,000 psi. Each rifle 
is tested before issue by firing one or more proofing cartridges 
to test the rifle to about 75,000 psi. According to figures 
given by Hatcher’s Notebook and summarized in Fig. 19, © 
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2/1000 RIFLES FAIL IN PROOF —_ 


REPORTED SERVICE FAILURES = 137 
Fig. 19 Record of rifle 
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about one and a half million of these rifles were manufactured | - 
during the period of 1903 to 1936. Between one in two 
thous: ind and one in ers thousand of the rifle satiate failed 
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During the past decade, new materials have been ide 
veloped on the basis of combinations of metals with re- 
fractory compounds which to some extent fill the gap be- 
tween so-called superalloys and ceramics. The specific 
characteristics of these cermets and the general require- 
ments for high-temperature material are discussed. 
Cermets are produced by powder metallurgy, and this 
special fabrication method results in unique properties. 
The high temperature properties of some semicommercial 
cermets are compared with standard superalloys. The 
present-day shortcomings of cermets and the direction 
in which future development work will have to be directed 
are discussed. 


Introduction—Superalloys, Refractory Metals, 
and Ceramics 


URING the past decade, a very difficult problem has 
been placed before the metallurgists. Superalloys had 
been developed which can perform in engines at temperatures 
up to 1600 F. These materials are stable at these tempera- 
tures so that there are no changes in properties if they are 


They are strong enough up to these temperatures to with- 
stand the rather high centrifugal stresses in rotating parts, 
and show little, if any, dimensional changes so that they can 
keep the close tolerances which are required for aerodynamical 
reasons. They have another desirable property—that of 
good heat shock and impact resistance. Temperatures can 
be changed suddenly without adversely affecting these metals. 
Dust particles or other solid materials which would fly 
through the engine under some unfortunate circumstance 
can indent and nick these materials without shattering or 
even fracturing them. From the metallurgical standpoint 
these materials are ideal. They perform so well that the de- 
signers do not realize fully what a wonderful material they 
have. However, they have one shortcoming. The tempera- 
ture limit up to which they can perform has been reached, 
and the designers for jet engines and rockets want to go higher 
in temperature to improve the thermodynamic efficiency of 
the engine and to conserve fuel. There is very little chance 
that the range of the so-called superalloys can be extended to 
higher temperatures by changing the composition somewhat 
or by adding a new alloying element. It will be necessary to 
go to entirely new materials to reach considerably higher 
temperatures. If we think of a temperature over 1800 to 
2000 F at which an engine should perform for an appreciable 
period, no metal alloy of the classes which were mentioned 
above can perform. The immediate thought, of course, is 
to go to higher melting metals and to try the refractory 
metals—tungsten, molybdenum, or tantalum. These mate- 
rials are so high melting that 1800 to 2000 F is a comparatively 
low temperature for them. Tungsten and tantalum are, how- 
ever, so heavy that they cannot be considered for a large num- 
ber of applications, and, more important, all three of these 
metals are not oxidation resistant at high temperature. 

Presented at the ARS Summer Meeting, Pittsburgh, Pa., 
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heated to the service temperature and cooled down ‘he 
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Their oxides are rather volatile and they burn away at « high 
rate at temperatures above 1300 F. A lot of work is being 
done to find a protective coating for molybdenum whivh has 
the largest chance for success. Its high temperature | roper- 
ties at 1800 F are excellent, its heat shock resistance !< very 
good, and it would be applied immediately if a protective 
coating would have been found; however, there has not been 
any success so far. 

Another group of materials are the refractories on tho basis 
of ceramics which can stand very high temperatures 
without dimensional changes and without any variation in 
their properties. They are mainly oxides, and are, the:efore, 
excellent in chemical stability. However, they are so )rittle 
and especially so sensitive to heat shock that they woul: shat- 
ter if the ignition in an engine would fail and cool air would 
be sucked into the turbine. Work is being done to iniprove 
heat shock properties of ceramic materials and some siiccess 
has been obtained. The inherent brittleness and sensitivity 


to mechanical shock are, however, so great that so far they 
are not being used in actual engines, though rumors wil! have 
it that the Germans had built turbines with aluminum oxide 
blades. 


Cermet Materials 


We have, therefore, two classes of materials—one of which 
is strong at high temperatures but brittle and heat shock 
sensitive, while the other is ductile and impact resistant, but 
loses its strength at the high temperatures required. The 
idea of combining these two materials comes easily. The word 
“cermet”? (1)? has been coined for them, and a rather 
large number of compositions is available at present whic 
fulfills one or more requirements of the engine designers 
Some of these materials are actually so far advanced and s 
acceptable that engine tests are being planned for the neat 
future. The word ‘‘cermet’? comes from the combinatior 
of ceramics and metals; however, the word ‘‘ceramic’’ has t 
be taken in a rather broad meaning including everything that 
is refractory or high melting. The word is not too happily 
chosen, but it seems to stick. These cermet materials are, 
therefore, combinations of high melting substances and 8 
metal which is supposed to supply the necessary ductility 
and heat conductivity to make the material insensitive to 
heat shock. The idea is the following: We would have 3 
kind of a framework of a high melting material which would 
supply the required strength at high témperatures, and fill 
into this a metal which would hold the refractory framework 
together and give it some ductility at room temperature and 
heat conductivity at service temperatures. Unfortunately, 
this picture as now described is 90 per cent wishful thinking 
and only 10 per cent metallurgical facts. 

What materials are at our disposal for high temperature 
use, especially for the refractory part of our cermets? The 


chemical handbooks list as high melting materials oxides, 


carbides, nitrides, borides, and silicides (2, 3). See Fig. |. 
The oxides are in a class by themselves by the fact that they 
are poor heat conductors and electrical insulators. They 
are exceedingly brittle, but that would not distinguish them 
so much from the other materials in this field (3). Carbides, 
borides, and silicides, however, are metallic in nature. They 
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cases, even better than those of their parent metals. Their 
tehavior is very similar in all respects to that of a metal and 
actually they are, in some cases, components of the high tem-— 
ture alloy materials which are presently in use. If they 

are isolated and used in much larger percentages they form 
the base materials for cermets. Although oxide materials in 
combination with metals are being investigated widely and 
gre actually commercially available (4) (Haynes Stellite—Me- 
tamic), the main part of this paper will be concerned with 
metallic refractories or so-called hard metals, especially car- 
hides, borides, and silicides of metals such as titanium, zir- 
conium, molybdenum, and chromium. 
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Fig. 1 Melting points of refractory materials 


About a quarter of a century ago the first cermet material 
was prepared but, of course, it was not called that. This 
material is the well-known cemented carbide cutting tool 
material which consists of tungsten carbide and cobalt. If 
we look at the structure of this tungsten carbide-cobalt mate- 
rial we see a matrix of cobalt in which tungsten carbide par- 


ig. 2 Structure of WC-Co hardmetal with 8% Co (x 2000) 


tiles are embedded (3, 5). See Fig. 2. We have actually, 
inthis case, a structure in which a hard material, tungsten 
carbide, is cemented together by a ductile metal, cobalt. 
Tungsten carbide, however, is not oxidation resistant and is 
wt usable as a high-temperature material. Its metallurgical 
stucture, nevertheless, has been the leading idea for all the 
‘met materials. 


Preparation by Powder Metallurgy 


The preparation of carbides and borides is relatively sim- 
ile. The metals in powder form are mixed with carbon or 
tron of commercial purity, heated up to the reaction tem- 
erature which is about 2800 F, and the compounds are formed. 
‘mall amounts of carbon usually do not influence the forma- 
tion of the borides so that borides can be formed in graphite 
ucibles by high-frequency heating (Fig. 3). In the case of 
titanium or zirconium, where the metal powder is strongly 
yrophoric and therefore difficult to handle, the hydride 
hwders can be substituted for the metal powders. The re- 
ulting compound—carbide, boride, or silicide—is easily 
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Fig. 3 High temperature furnace for the formation of hard- 
metals 


crushed and is then ready for use after it has been milled to 
the desired particle size. These powders are then mixed with 
the metal powder which is used as binder and processed ac- 
cording to powder metallurgical procedures. These consist 
essentially of two steps, i.e., pressing to shape, and sintering 
(Fig. 4). Sintering is the heating process which transforms 
the rather chalky pressed compact into a metallic piece that 
has more or less the final properties. Pressing and sintering 
processes can be repeated to obtain higher density, or they can 
be combined into one step which would mean that the press- 
ing is done at high temperature. Pressing is done in steel 
dies with pressures of 5 to 25 tsi, or at high temperature in 
graphite dies. It is possible and sometimes necessary to add 
some organic materials in very small percentages which hold 
the powder together after pressing and which help to obtain 
sharp corners and close dimensions. These parts are then 
sintered at temperatures which are usually high enough to 
form a liquid phase, although this is not absolutely necessary. 
However, it helps to accelerate the sintering process and, i 

some cases, is necessary to obtain the desired microstructure. 
Such a liquid phase can occur for several reasons. The 
original idea when cemented carbides were produced first, 
was that cobalt would melt and cement the carbide particles 
together. However, that is not entirely correct, as the first 
liquid phase appears already at a temperature considerably 
below the melting point of cobalt. A eutectic between tung- 
sten carbide and cobalt is formed which melts at about 2300 
F (6). Such eutectics occur between the refractory compound 
and the metal in practically all circumstances. The amount 
of the liquid phase must not be so large that the shape of the 
compact is lost. It is quite astonishing that, in some cases, 
more than 60 per cent by weight of the raw material can be 
in the liquid state without destroying the shape of the com- 
pact. However, a considerable shrinkage occurs during the 
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sintering process which is absolutely necessary, to obtain a 
dense part as the final product. The piece after compaction 
has a density in the neighborhood of only 60 to 70 per cent, 
sometimes even less, while the finished product should be 
100 per cent dense or at least close to it. The shrinkage is be- 
tween 15 and 20 per cent linearly for most of these cermet 
materials. If the process is well under control, this shrinkage 
is so exactly reproducible that dimensions after sintering can 
be kept to close tolerances. 

Another interesting method of producing cermet materials 
is that of infiltration, which has recently been claimed to pro- 
duce very good properties. In this case, the refractory mate- 
rial is sintered in the presence of only a very small amount of 
the binder metal. It then forms a rather porous skeleton 
which is being reheated in contact with a slab of the infiltrant 
material. The compact and the metal are then heated to 
above the melting point of the latter, the metal melts and is 
forced by capillary action into the pores of the compact. It 
fills the pores entirely and, by this method, actually 100 per 
cent dense pieces can be produced. The infiltration can be 
either in the direction of gravity or in the opposite direction; 
in the latter case, capillary action is forcing the material into 
the pores. During this process the structure of the original 
hard metal compact is destroyed, and a new structure is formed 
which consists of more or less isolated particles suspended in 
the matrix of the metal. 

The following cermet materials have attained the largest 
degree of interest at the present time: (a) Titanium carbide 
with nickel or cobalt binder, or with nickel alloys with chro- 
mium, molybdenum, or aluminum; (b) boride base materials 
with or without the addition of materials such as chromium or 
nickel, using zirconium boride, chromium boride, and molyb- 
denum boride as the refractory components; (c) silicide mate- 
rials on the basis of chromium or molybdenum disilicide; (d) 
aluminum oxide and chromium materials. 


Conditions for Satisfactory Cermet Compositions 


Despite the variety of materials previously mentioned, the 
possibility of combination is not as large as would appear on 
the basis of available compounds, especially if it is taken into 
account that most of the metals form a large number of borides 
and silicides with quite distinctive properties. What deter- 
mines now the selection of a material for high temperature 
use? The idea of the construction of cermets was to combine 
the metallic properties of the binder material with the refrac- 
tory properties of the hard metal part. This consideration 
is, however, a simplification which is rarely or never quite 
correct. The reason for this is twofold. First, the two com- 
ponents react at high temperature to such a degree that, in 
a number of cases, new substances are formed which may have 
unknown or even undesirable properties. Second, the prop- 
erties of such a compound material cannot be considered as 
the sum or the average of the properties of the individual 
materials. Reactions in the solid state occur not only at the 
high sintering temperature but may also occur or continue to 
occur at the service temperature which is supposed to be in 
the neighborhood of 2000 F. Reactions in the solid state are 
quite fast at these high temperatures, and the often men- 
tioned advantage of powder metallurgy to produce non- 
equilibrium structures is no longer usable if the part has to 
be held at such high temperatures for a considerable time. 
We must not forget that solid state reactions occur even at 
room temperature. Very clean metals stick together at room 
temperature to such a degree that intergranular fractures 
occur if clean metal surfaces are brought into close contact 
and separated again (7). Friction at room temperature be- 
tween unlubricated surfaces consists to a large part of such a 
solid state welding between two surfaces in close contact. At 
high temperatures this welding process occurs at a highly 
accelerated rate. This, of course, constitutes the sintering 
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process. Similar diffusion processes can produce new com. 
pounds or new materials which are different from the starting 
materials. The binder metal that is contained in the fing] 
product has properties which are different from the pure 
metal itself. This is caused by the state of high stress unde; 
which the binder is maintained due to the presence of the large 
amount of hard particles that are dispersed in it and which 
prevent deformation of the metal phase (8). 

The reactions which occur at a high temperature in cermet 
preparations are quite often determining the selection of the 
production method for these materials. If the amount of 
liquid phase formed is very high, hot pressing would act t 
squeeze some material out so that the final composition is 
low in binder metal. This would be hard to control «nd de- 
pends to a large degree on the temperature at which hot 
pressing is performed, so that the cold pressing and sintering 
procedures are preferable. In the latter case, tine and 
temperature can be controlled in an excellent manner <o that 
the product will be reproducible. If reactions with t/e for- 
mation of new compounds occur, hot pressing again ix not to 
be recommended as it does not assure that equilibriun: is ob- 
tained. Under such circumstances the reactions wouid con- 
tinue at the service temperature and would usually involve 
dimensional changes as well as changes in properties. On 
the other hand, if the metallurgy of a cermet is well under- 
stood and equilibrium conditions are assured, hot pressing 
is a method which rapidly can produce large numbers o! small 
samples with the highest properties which usually can be 
obtained within a compcsition. 


The Most Common Cermet Materials 

The hard metal or metallic refractory, which is most con- 
mon for cermet application at present, is titanium carbide 
Titanium carbide has only fair oxidation resistance, and two 
methods have been applied to improve the scaling resistance 
One which has been used by Kennametal is the addition of 
other carbides, TaC and NbC, which form solid solutions 
with titanium carbide and improve considerably the resist- 
ance to oxidation (9). To these solid solutions, nickel or nickel 
alloys are added which give some ductility to the cermet and 
make it possible to produce it at convenient sintering tempera- 
tures. A well-known composition of Kennametal is K152B, 
composed of 70 per cent carbide and 30 per cent Ni. The 
second method is to add chromium to the nickel binder phase 
and thereby improve the oxidation resistance. This method 
has been used by the American Electro Metal Corporation 
and Firth Sterling Company. Such a composition is called, 
e.g., WZ-12C and consists of 50 per cent TiC and 50 per cent 
binder, composed of nickel, cobalt, and chromium (10, 11 
Many variations in these compositions have been tried in order 
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to improve behavior at high temperatures. Generally, the 
strength is adequate and so is the oxidation resistance, but 
the materials are still quite brittle especially at room tempera- 
ture, and the problem of improving the impact strength is 
not solved yet. Other materials consist of chromium boride 
or zirconium boride with or without the addition of binder 
metals, such as chromium, and these materials have shown 
exceptionally high strength values at very high temperatures. 
They are also quite brittle but will, it is believed, form the 
basis for new materials if still higher temperature require 
ments than 1800 F will be brought forward by the engine de 
signer (11). Another material with high hardness has beet 
produced on the basis of molybdenum boride and _ nickel. 
Though this material is not directly applicable for high temp 
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erature use because of the lack of oxidation resistance, it 
should be discussed here in order to illustrate the reactions 
which can occur in the preparation of these materials. The 
material has found some application as a new cutting tod 
material and is prepared from molybdenum boride Mob 
and nickel (12, 13). If these two substances are mixed te 
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gether to form a new compound Mo,NiBzs, which, fortunately, 
has quite desirable properties for a cutting tool material (14). 
The liquid phase is furnished not by nickel, but by a eutectic 
which is formed by the new compound Mo2NiB: and the left- 
over of Mo2B material. The reaction can be closely controlled 
without much difficulty, and the material has a number of 


rmet § The combination of borides or silicides with their parent 
the & metals (e.g., chromium silicide + chromium) is also a possible 
t of Bway to produce cermets. However, it should be kept in 
t to mind that this is only possible for the lowest compound formed 
n is § in the system. Chromium and silicon, for instance, form at 
| de. § least four different compounds together, and if chromium 
hot § would be added, for instance, to chromium disilicide, a reac- 
tion would occur forming a lower silicide rather than preserv- 
and § ing the combination of disilicide and chromium as a cermet 
that § material. Cermets on this basis have been produced and are 
for. § being investigated at present for their physical properties 
t ty Qand their stability at high temperatures. Chromium base 
materials have the advantage of being excellent in oxidation 
sistance; however, they are usually exceedingly brittle. 
‘olye § The properties required for a high-temperature material 
(y gue high tensile strength, low creep, high stress-to-rupture 
der. § strength, good heat shock resistance, low oxidation, and the 
sing | highest possible impact resistance against mechanical shock. 
mall @A characteristic change of strength with temperature (15) is 
) be gshown in Fig. 5. Stress-rupture data are given in Fig. 6 (11). 
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hod § [hese stress-rupture data are showing the life under load for 
tion §' certain material at a certain temperature. For a 100-hr 
lled, lle, stresses of 12,000 to 25,000 psi can be obtained at 1800 F. 
cent § luis is satisfactory for almost all applications. The oxida- 
{1), gun resistance is considered satisfactory if the samples can 
rder §"ithstand tests for 100 to 300 hr under stress in these stress- 
the@™pture tests. The heat shock resistance of most materials 
but @also quite good, and 2000 cycles from 1800 F to room tem- 
era-g/rature in a rapid change have been withstood by a large 
h of these materials. 

ride§ A selection of some parts, made of a TiC base cermet, 
nder§® shown in Fig. 7. 


ares. Impact Strength 

the§ The property which is still preventing the wide application 
aire fi these new high temperature materials is the impact 
‘de ftrength at room and at high temperatures. In some cases 
ge high temperature impact resistance is considerably better, 
ut this is the exception rather than the rule. The impact 
sistance of the best cermet materials available (Table 1) is 
ughly only 20 per cent of some of the superalloys which 
lay even be considered brittle if compared with the ordinary 
tals. A lot of work is being done at present to improve 
lis impact resistance. One obvious way would be to in- 
‘ease the binder content; however, up to about 70 per cent 
inder and 30 per cent hard metal, the improvement in im- 
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applications which are quite interesting. 7 
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Fig. 7 Some parts produced from TiC base cermet 


pact resistance is so small that the loss of stress-to-rupture 
strength is not justified. Another way, started only recently, 
is the control of the microstructure of these cermet materials 
by special treatments, which, however, are still far from under- 
stood. The reason for this requirement of relatively high 
impact strength is that foreign particles can occasionally fly 
through a jet engine and would shatter the blades if they were 
made of a low-impact material. The result would be a total 
destruction of the engine by the pieces of the first fractured 


Table 1 Impact strengths of some cermet materials 
Inch-Lb 
Room 
Base Material Temp. 1500° F 1800° F 

TiC 3-6 3-6 
TiC-infiltrated 9-11 
ZrBe 4 
Intermetallics 15 15 
X-40 (Superalloy) 50-60 


blade. This is a serious problem, and the success of using 
cermets for turbine applications will depend on the solution 
of it. Even though a large amount of time is being spent at 
present to make cermet materials less brittle, it seems beyond 
doubt that the designer for high-temperature engines will have 
to take into consideration the use of materials which are more 
brittle than those he is accustomed to work with at present. 
For stationary applications, some cermets would be usable 
immediately if the impact requirements are not too high. 
There, however, the competition of the cast and wrought 
superalloys is quite strong and the superiority of the cermet 
material not so pronounced. 2 


Conclusions 


New and stronger materials and materials with better im- 
pact strengths are being developed constantly. It is, how- 
ever, not to be expected that materials would ever be created 
which are comparable to the superalloys in impact behavior 
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but have a higher temperature limit. With the constant re- 
quest for higher and higher operating temperatures, the de- 
signer of engines has to realize that he must change his stand- 
ard way of thinking. The use of brittle materials seems to be 
unavoidable if the service temperature has to be raised. For 
short-time applications such as rockets, some of the present- 
day materials may be immediately applicable. Competition 
there is strong with standard ceramic substances. For ro- 
tating parts and machinery in which close dimensional toler- 
ances are required at high temperatures, the present design 
and materials do not fit together as yet. Even if cermet 
blading for an engine would fulfill all requirements for a ro- 
tating part, the shaft and the bearings would probably be- 
come considerably overheated due to the high heat conductiv- 
ity of the cermet materials which, in turn, makes them inseusi- 
tive to heat shock. The metallurgist is trying to come closer 
to the requirements of the present-day designer with the de- 
velopment of materials with better impact resistance. On 
the other hand, the designer will have to change his thinking 
toward the use of more brittle materials, especially if he wants 
to push the temperature frontier beyond the 2000 F limit into 
the range of 2400 F or still higher temperatures—which seems 
to be the goal for the combustion engines of the future. , 
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«Reliability in Guided Missiles 
(Continued from page 325) 


to pass the proof test. Approximately two rifles in a thou- 
sand failed to pass the proof test due to all factors. Re- 
membering that the barrel on the Springfield rifle is a rugged 
piece of equipment made heavy to insure accuracy, it is ob- 
vious that the barrels failing in proof are almost always due 
to manufacturing flaws such as cracks or occlusions. The re- 
mainder of the rifle, in particular the receiver, is not nearly as 
rugged so that the failure rate would be expected to be some- 
what higher. 
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During the period indicated, Hatcher reports that 137 
service failures were encountered. This gives an indicated 
failure rate of about one part in ten thousand per rifle. As. 
suming as few as a hundred rounds fired per rifle, this in icates 
that the reliability is approaching one failure per million 
rounds fired. In other words, the Springfield rifle is a highly 
developed and highly reliable piece of equipment as is indi- 
cated by the low failure rate under proof overload. This 
example indicates that reliable military equipment is attaina- 
ble, and that a large design safety factor is a means of se. 
curing this reliability. 


Applications to Equipment Design 


The above considerations make it appear that there are 
usable relations which govern reliability, and that reliability, 
life, and safety factor are all different aspects of the problem, 
Accordingly, the problem of reliability is an engineering prob- 
lem and is capable of solution as an engineering science. 
Unfortunately, to date the problem has not been approached 
from this standpoint, but instead has been approaclied en- 
tirely from a pragmatic point of view. This has given data 
on individual reliabilities but has not given data whic!i may 
be applied to new undertakings in general, and further has 
not solved the basic problem. It is apparent that « more 
fundamental engineering approach is necessary before reliable 
equipment is to be obtained. The basic step in this approach 
is the determination of the partial derivatives of life vs. en- 
vironment. 

Pending availability of this information there is an oper- 
ating procedure which will give reasonably good results 
Basically this consists of applying the well-known principle 
of the method of successive approximations. 


In a given application problem some environmental factors § seat 
that relate to the application will be given by specification, § ied g 
and usually a required reliability will be stated. To solve § mm 
this problem by the method of successive approximations in- f lighe! 
volves the following steps. First, assume, or determine by § «mbt 
measurement if possible, the remaining environmental factors § Dt su 
that are pertinent. Second, assume or determine, if possible, surfac 
the laws of variation of life with environment for each of J Wit 
these environmental factors and for each of the major com- § "! pro 
ponents of the equipment. From these two items it is quite ff iquefi 
easy to compute a safety factor which will give the required ‘ca! 
life. It is also simple to prepare a design having this safety 1g oil 
factor. Cer 

The next step is to test the design to determine if the de- discus: 
sign safety factor has been obtained. If not, the design should Unf 
be redone. The final step is to test the equipment under § 'e st 
various environmental conditions to determine the accuracy Jf theref 
of the assumptions on environmental factors and life rela- §}% be 1 
tions. If this work has been reasonably well done and if some § te des 
care has been taken in achieving conservative designs, it will J ‘ue to 
be found that the equipment is reliable. If it is not, the as- Joy: 
sumptions may be refined and the cycle repeated until the J ment s 
equipment meets or exceeds the required reliability. im 

extrem: 
lesigne 
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The general problems of static seals for missile applica- feet of concrete, 150 yards away from the test engine. High- 
tions are reviewed and the importance of temperature em- speed camera coverage does help, as well as ambient leak tests 
. are § phasized. The effects of hardening or loss of flexibility, before and after engine operation, but there remains much to 
‘lity, | contraction, and compatibility at extremely low tempera- be done in developing reliable remote leakage detecting 
lem, — tures of —300 F are discussed. Testing experience with techniques. 
rob. | various types of static seals over a temperature range from In considering the sealing problems of various media, the 
nce, | -300 to +1400 is described. The apparent useful tempera- basic problem often seems to consist of resisting the chemical 
ched § ture range for various seal types is presented. It is con- properties of the particular media in question. For example: 
| en. | cuded that a good high-temperature static seal will nor- the corrosion effects of acids; the swelling and deterioration 
data | mally seal equally as well at extremely low temperatures. effects of aromatic fuels; the decomposition of hydrogen per- 
may | 0n the other hand, while rubber and plastic seals have oxide; the oxidizing effect of liquid oxygen; and soon. While 
has § limited use at high temperatures, they can be successfully these and other media are and will continue to be problems 
nore § used at low temperatures providing the proper design to cope with, gradually new materials are being developed by 
able B criteria are established. A good static seal cannot be the metallurgical and chemical industries to solve the question 
nach § achieved unless the mating flanges are designed with full of compatibility. As a matter of fact, new seal materials 
_en- § realization of the limitations of the seal. have been developed much faster than new ideas have come 
about to deal with the even more basic problems of tempera- 
)per- Introduction ture. Temperature is believed to be a more basic problem 
ults, because all engineering materials exhibit similar effects as 
ciple HE variety of fluids and range of temperatures encoun- the temperature is varied below and above room temperature; 
tered within a guided missile are perhaps as great or even namely, contraction and expansion, hardening and softening. 
tors @ geater than in any other application for static seals. Lique- These fundamental phenomena dictate the type of seal mate- 
tion, § fed gases having temperatures in the order of —300 F are rial that can be used over a range of temperature. Moreover, 
olve § commonly used, while turbine inlet temperatures of 1400 F or an appreciation of these factors is vital to the successful de- 
; in- § higher are also experienced. Within a rocket thrust chamber, sign of the mating parts. 
» by f ombustion temperatures in excess of 5000 F are encountered, 
tors but sufficient cooling is provided to keep all metal and gasket Basic Considerations of Low-Temperature Static 
ible, surfaces considerably below this value. 
h of § With regard to the media to be sealed in missiles, the range Seals 
om- § “! properties is equally as great and arises from the use of There are essentially three problems involved when sealing 
uite § quefied gases, acids, concentrated hydrogen peroxide, hy- fluids at extremely low temperatures in the order of —300 F; 
ired irocarbon fuels, nitrogen or helium gas, hydraulic or lubricat- namely, hardening or loss of flexibility, contraction, and com- 
fety ng oil, and combustion products, to name a few. patibility. ‘ 

Certain of these fluids and their sealing problems will be All materials harden to a greater or lesser extent when sub- 
de- iscussed later. a jected to low temperatures. Specifically, this means that as 
ud § Unfortunately, it is a common assumption that a leakage- a flexible gasket material hardens, it loses its ability to flex 
ider f 'te static seal is easy to achieve. An item of equipment is under the bolting and pressure loads and it cannot fill voids 
racy ff therefore generally designed to satisfy what are considered or accommodate movement of the joint due to pressure of 
ela- J be more important factors, and the static seals fitted into further contraction of the part at the reduced temperature. 
ome the design in the most convenient manner. At least partially It is more important to realize, however, that even at low 
will f tue to this ew tendency, static seals become one of the temperatures hardening or flexibility is still relative between 
-as- J moying “bugs” to be ferreted out of a design in the develop- materials. For example, oil-free chamois skin and felt re- 
the stage. : main extremely flexible at low temperatures. These materials 

While certain static seals within a missile are subjected to cannot be used too successfully, however, due to their tend- 

futreme conditions only during flight and may therefore be ency to trap or absorb moisture which, upon freezing, de- 
lesigned for a single operational cycle, the static seals within stroys their flexibility. Polyethylene and its fluorinated 

he rocket propulsion system are subjected to their extreme homologs polymonocholorotrifluoroethylene (Kel-F)? and 

im- § Oditions whenever the engine 16 fired. These seals must be polytetrafluoroethylene (Teflon) have been heralded in recent 
apable of maintaining a high degree of reliability throughout years for their chemical inertness and retention of flexibility 

Re- J peated cycling. One of the difficulties in developing this at low temperatures (1).3 Of these materials, the Kel-F 
type has proved the most satisfactory for low temperature 
, a ewo use due to its flexibility and relative freedom from cold flow. 

Presented at Neath Convention, New York, Calling Kel-F type plastic flexible at low temperature, how- 

\.Y., December 2, 1954. ever, is somewhat misleading, for even at room temperature 
ille- F pirour Leader, Turbopump Design and Development. Mem. they are much harder than norma! rubber “O”’-ring stock and 

have a modulus of elasticity approximately 200 times as great. 

*Product of M. W. Kellogg Co. A similar product is manu- 
petured by Union Carbide & Corp. Kel-F type plastics are flexible ly because 
0. BPluorothene. they are less brittle at low temperatures and have a hie re- 
ner: | "Numbers in parentheses indicate References at end of paper. sistance to thermal shock. =) 
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The total contraction at —300 F of Kel-F type plastics, 
polyethylene, silicone rubber, and other rubber compounds 
is even greater than that of aluminum. For example, Kel-F 
has a coefficient of contraction of approximately twice that 
of aluminum. Thus, the usual O-ring installation employing 
radial squeeze is not too successful at low temperatures. Ap- 
parently the cooling mechanism is such that the seal material 
freezes and “locks” in the shape formed by the initial compres- 
sion at installation. Further cooling and the accompanying 
contraction causes the O-ring to lose contact with the bore 
diameter. With proper design, however, this contraction 
sometimes can be utilized to effect a tighter seal than other- 
wise possible. In general, however, initial gasket compres- 
sion must be sufficiently great and the gasket so confined that 
the seal contraction effects are minimized. 

The compatibility of liquid oxygen with static seal materials 
has never constituted a serious problem. Although it can be 
easily demonstrated in the laboratory that organic-type seal 
materials are impact-sensitive in the presence of liquid oxygen, 
many field tests have shown that the shocks produced in ser- 
vice due to hydraulic hammer, moderate vibratory forces, or 
other factors do not approach the dangerous level by a wide 
margin. 

Since the anticipated problem of compatibility at low tem- 
peratures did not develop, the major problems remain those 
of hardening and contraction. At ambient and high tem- 
peratures, however, the major problems are softening or de- 
terioration and compatibility. Here a high expansion rate 
is not a problem but rather an asset which may improve the 


efficiency of the seal. 
300 +1400 F | 
Figs. 1 through 5 show representative seal installations for 
various applications from —300 to +1400 F. For conveni- 
ence, the various seal materials have been grouped into five 
categories: plastic seals, rubber O-rings, serrated metal 
gaskets with an expanding compound, asbestos-base seals, 
and soft or flexible metal seals. Their apparent temperature 
limitations are also shown. These limits should not be con- 
sidered as absolute values, but only representative of the tem- 
peratures for which the various seal types have been found 
usable. This includes a variety of applications with different 
flange constructions and seal life requirements. In general. 
it is usually extremely difficult to select gasket materials with- 
out test data, for there are very few seal manufacturers who 
are willing to establish temperature limitations for their prod- 
ucts. There is no denying that this is a difficult job, however, 
and for this reason the gas temperatures are shown, rather 
than average gasket temperatures. However, the gasket 
temperatures are probably quite close to those shown, inas- 
much as most of the seals tested were known to be leakinz at 
the higher temperature values. 
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A Plastic Seals (Fig. 1) 


The two types of plastic seals that have been used most 
extensively are the flat gasket and the lip seal. For low tem- 
perature applications, thin gaskets have proved superior be- 
cause the higher contraction rate of the plastic material has 
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less effect on loosening the joint. 
rather hard at the low temperatures, however, the flangs 
must be reasonably rigid and the bolt spacing relatively clos 
to insure uniform gasket loading. Gasket surfaces are some. 
times covered with a thin coat of gasket compound to insur 
a positive seal with flanges that are somewhat roughened. 
As has been pointed out previously, radial seals using (). 
rings are not satisfactory at low temperatures due to the hig} 
contraction rate of the seal. A lip type seal has been use 
with good success, however. In this case, a thin preforme; 
lip seal of unplasticized Kel-F type plastic has been used 
Note that the contraction of the lip improves the sealing 
ability. Unplasticized Kel-F type plastic is prefer:ble for 
this installation, being less susceptible to brittle cracking 
This type of seal has been used for pressures as high as 1000 psi. 
At low temperatures, plastic materials offer an important 
contribution to the art of sealing and possess unique proper. 
ties that are extremely useful. Their use at above room 
temperature, however, is predicated mostly on their ability 
to withstand the corrosive and weakening attack of acids and 
other difficult fluids. While the upper limit of temperatures 
for their use in static seals has not been explored, thiere ar 
indications that the temperature limits of plastics in general 
are gradually being increased. It is certain that their use. 
fulness will increase as new compounds and techniques are 
developed. 
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Rubber O-Rings (Fig. 2) 


The excellence of O-rings for static seals has withstood the 
test of time until one wonders today how engineers ever di 
without them. They have been used with a great variety 
fiuids, using special compounds where required. When the 
are used at low temperatures, however, their use is severe 
limited by their great increase in hardness and decrease i! 
cross section due to contraction. In order to offset thes 
effects, it is necessary to place a normal Buna N O-ring under 
very high compression. This can only be achieved in a 
installation similar to an AND 10050 fitting where the O-ring 
is compressed to approximately 45 per cent and is well con- 
fined. Evidently, even though the O-ring will freeze in its 
compressed shape and thereafter contract, a small amount 0! 
flexibility remains to offset the contraction. A satisfactory 
bulkhead fitting seal can also be achieved at low temperature 
providing a leather back-up ring is used. The compressiol 
of the O-ring is controlled in banjo-fitting installations by 
using an aluminum washer of predetermined thickness. 

While the temperature limitations of standard O-rings have 
not been fully established, they have been used to seal 400 F 
helium and nitrogen gas at 3000 psi. Due to the relatively 
short duration of the temperature condition, it is not certail 
that the O-ring reaches full temperature. However, periodi 
overhaul and replacement have not revealed any weaknes 
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of the seal. 

Laboratory tests of silicone O-rings have been run at 500 
with low-pressure JP fuel vapor. These tests indicate that ! 
good seal can be expected for limited durations but that i! 
must be replaced after each temperature cycle. The O-rings 
are permanently deformed in their compressed condition am 
partially disintegrate at this fuel temperature. 
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rmed 
ised BC Metal Gaskets with Expanding Seal Compound (Fig. 3) 
aling This type of seal consists of a metal gasket incorporating 
> for concentric convolutions which serve to trap a special gasket 
cing compound that expands when heated, thus creating a pressure- 
) psi, tight joint. The idea of a seal which improves as tempera- 
tant § tyre increases is especially attractive since most high-tempera- 
)pet- B ture seal installations are subject to temperature and pressure 
om F distortions. This is particularly true when the flanges are 
ility deliberately made thin to minimize the effects of temperature 
and wadients and the accompanying flange stresses. This type 
ures § of seal proved effective at 900 F but leaked severely at 1200 
a Bnd 1400 F. It was found that the gasket compound boiled 
eral f out of the joint at a gas temperature of approximately 1200 F. 
US Bit is believed that the basic idea of an expanding gasket filler 
arf isa good technique, however, and should deserve more atten- 
tion by the industry in the future. Offhand, it would not 
vem to be an impossible task to develop a compound with a 
gher boiling point that would seal effectively at 1500 F or 
even higher. 
FLAT NEOPRENE - 
NS SBESTOS SHEET 
COPPER- ASBESTOS | 
GASKET | 
| 
-300 0 +500 1000 1500 
TEMPERATURE, °F 
Fig. 4 
hey 
rely D Asbestos Base Seals (Fig. 4) 
© IX Neoprene-impregnated asbestos sheet has been used in a 
hese creat variety of flat gasket applications—from liquid oxygen 
der ervice at —300 to hot gas at +1200 F. As has been pointed 
Al Bcut previously, thin gaskets perform better at the low tempera- 
nie#tures due to the minimizing of contraction effects. Like- 
‘Ol rise, thin gaskets appear to be better at high temperatures. 
I Blnasmuch as the asbestos and neoprene deteriorate at an in- 
'O'Beeasing rate as the temperature level is increased, the use of 
ON His material at 1200 F is somewhat limited. For example, 
‘ur’Bithas been found sometimes necessary to retorque the flange 
WiBlts after the first temperature cycle. The seal remains 
bi feective for short durations thereafter, but eventually further 
torquing is necessary. Despite this fact, thin neoprene- 
WeEnpreznated asbestos stock, coated with a gasket compound, 
i is proved very satisfactory for many applications (2). 
reli The copper-sheathed, asbestos-filled gasket is one of the 
‘allifnost common seals in use today. This seal has been success- 
ni y used for many low temperature applications. It is ex- 
1’Eremely important, however, to provide an internal or ex- 
‘mal pilot to insure even and concentric gasket compression. 
re Copper asbestos gaskets have also been used successfully 
al 


‘Bshigh as 1400 F. Throughout the temperature range, opti- 
t "tum sealing ability can only be realized if a rather rigid flange 
NS Bad bolt arrangement is used. This is especially true at high 
‘mperatures where, for the most part, its use is confined to 
tings where extremely high unit loadings are realized. 
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However, attempts to use this seal in large diameter, mini- 
mum thickness flanges for high temperature service have 
proved unsuccessful. 


FLEXIBLE METAL 
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E Soft and Flexible Metal Seals (Fig. 5) 


Static seals that rely on the compression of soft metals or 
the elastic deformation of a metallic gasket have been used 
under a great variety of conditions. Three of the more com- 
mon types are as follows: 


I Soft Metal Seals 


Soft or annealed aluminum and copper gaskets have been 
used successfully on small fittings for applications up to 1400 
F and for pressures as high as 3000 psi. In all cases, the 
matingsurfaces have been serrated toincrease the unit loading. 
While these applications have been relatively trouble-free, a 
considerable amount of difficulty was experienced when using 
annealed copper gaskets on larger (3 to 8 in.) diam bolted 
flanges. In a particular case, the static seal was at the top 
of a rocket thrust chamber in which propellants were mixed 
and burned at temperatures in excess of 5000 F. Ordinarily, 
the walls of a thrust chamber are cooled and the seal tempera- 
ture probably does not exceed 300 to 400 F. On the other 
hand, if the static seal leaks, the extremely high-temperature 
gas will burn a rapidly expanding hole in a fraction of a 
second. If the propellants are not immediately shut off, the 
entire chamber will be destroyed in a matter of seconds. It 
is more than an understatement to say that a reliable and posi- 
tive static seal is required for this application. Originally 
this seal consisted of a soft copper gasket, cut from sheet stock 
purchased in the annealed state. The flanges were serrated 
and sufficient bolting load applied to give a high and uniform 
gasket loading. Despite this, sporadic leakage and resultant 
chamber destruction occurred. After considerable trouble 
shooting, it was found that the commercially available an-— 
nealed copper sheet was not consistently or fully annealed. 
Such applications now specify that the gasket be fully an- 
nealed after cutting to size. This precaution has eliminated 
further leakage problems with this type of seal. Asa matter 
of interest, it has also been found that an effective seal can be — 
achieved in this joint by omitting the gasket and applying a 
coating of epoxy-type cement to the flanges before bolting. — 
Cements such as this have proved to provide excellent static 
seals in many difficult situations, particularly in small assem- 
blies. 
The use of soft metal gaskets is quite limited in many ap- 
plications, however, for their prime requisites are rigid, ser- 
rated flanges with a relatively great number of bolts. Even 
if successful, care must always be exercised not to nick or 
otherwise abuse the serrations. 


2 Metal O-Rings 


Metal O-rings were tested briefly in an attempt to solvea _ 
rather difficult sealing problem with 500 F fuel vapor. After 
considerable development it was found that a seal could be _ 
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A discussion of problems associated with sealing low- 
temperature fluids such as liquid oxygen at moderately 
high pressures is presented. A static seal of the self-sealing 
type employing a rubber gasket and using a drop in tem- 
perature to produce gasket stresses is described which ef- 
fectively overcomes difficulties previously encountered. 


An approximate design equation is developed and some 


low-temperature properties of rubber are discussed. 


Introduction to the Subject of Static Seals 


ROPULSION systems using liquid propellants contain 

several couplings which must be leakproof to avoid fire 
hazards. Furthermore, to be practical, these joints should 
be of minimum size and weight, easily assembled and disas- 
sembled in cramped locations, and readily manufactured. 
These requirements are easily met in the case of fluids at near 
ambient temperatures. However, sealing liquid oxygen 
whose boiling temperature at atmospheric pressure is — 183 C, 
is a more difficult problem. A seal for low-temperature 
fluids which satisfies the above requirements has been de- 
veloped and is described in later paragraphs. = 


A_ Types of Static Seals 


Gaskets are generally employed to avoid the necessity of 
extremely close tolerances on the mating components. There 
are two conditions which must be satisfied if a joint is to be 
leakproof: 

1 An initial seal must be formed. The gasket must be 
squeezed sufficiently to cause it to deform elastically or plas- 
tically and fill any surface irregularities which could become 
leakage paths. 

2 The initial seal must be maintained. An additional 
compressive stress must be imposed on the gasket such that 
the local value at at least one point along any potential leak- 
age path is as great or greater than the pressure of the fluid 
being sealed. 

When both conditions are met during assembly, as in the 
case of a bolted flange connection employing a flat gasket 
(1, 2, 3)? or a metal ring gasket (4), the seal may be classed 
as an “‘initially loaded seal.’””’ When only the first condition 
is met during assembly and the second condition is satisfied 
as a result of the environment imposed during service, the 
seal may be classed as “‘self-sealing.”” Examples of this latter 
type include O-rings, Bridgman closures (5, 6), and lens- 
ring gaskets (6, 7) in which the gasket stress increases in pro- 
portion to the fluid pressure applied. This is sometimes re- 
ferred to as being “‘pressure sensitive.” It has been found 
that a drop in temperature may also be used as an agent for 
producing required sealing stresses. When this is the case, 
the seal may be termed “temperature sensitive.”” The aver- 
age gasket stress required in meeting both of the above general 
requirements depends upon the deformability of the gasket 
material as well as upon the quality of the surfaces to be 
sealed. Since metallic gaskets do not flow readily, the aver- 
age gasket stress must be up to several times as great as the 
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pressure of the fluid being sealed (2, 4) in order that tie local 
stress in low spots be not less than the fluid pressure. At 
the other extreme, the average gasket stress required ‘or soft 
rubber may in some cases be as low as the fluid pressure (2). 


B Difficulties Encountered at Low Temperatures 


Static seals developed in the past, including the re resen- 
tative members discussed below, either fail to prevent cakage 


when used with liquid oxygen or they effect a seal at the ex- 
pense of weight, ease of manufacture, and ease of asset :bly, 


Flat metallic gaskets involve large tightening loads, re- 
quiring heavy and bulky flanges. Assembly is diffic:!t end 
in some cases impossible in locations not readily accessible, 
Flat gaskets of plastic materials have two drawbacks. First, 
the initial stress imposed during assembly tends to decay in 
time due to plastic flow (3). Second, plastic materia‘s have 
greater thermal contraction than metals (13). Cooling toa low 
service temperature causes the gasket to shrink away from the 
flange faces, resulting in leakage. Rubber, including natural 
silicone, and various synthetic types, is also unsuitable for 
use as a flat gasket due to high thermal contraction, causing 
the seal to open when cooled to temperatures below the stifi- 
ening temperature. 

Closures using rubber O-rings are readily assembled and 
are normally in the self-sealing class. However, a rubber 
O-ring cooled to the temperature of liquid oxygen becomes 
stiff at moderately low temperatures and subsequently shrinks 
away from the groove walls, losing the initial seal. 

A rubber O-ring initially compressed to an estimated stress 
of about 10,000 psi has been found to provide a satisfactory 
seal for some low pressure applications. This high initial 
stress is obtained by providing a flange groove volume about 
ten per cent less than the O-ring volume. The excess rubbe 
extrudes into clearance spaces. The initial stress reduces 
the temperature at which the apparent compressive stress 
decays to zero (see discussion of low-temperature properties 
of rubber), thereby reducing the shrinkage of the O-ring from 
the groove walls. In addition, the thin extruded fins pr- 
vide a labyrinth seal effect. While this seal prevents visible 
leakage at pressure below 100 psi, the flange assembly load is 
high, and difficulty is encountered with dimensional toler 
ances. 

Bridgeman-type closures and various forms of lens-ring 
gaskets are primarily intended for applications having pres- 
sures in general greater than 20,000 psi. While the assemb)} 
loads needed to form the initial seal with lens-ring gaskets 0! 
Bridgeman closures employing metal ‘gaskets are low, 
sidering the pressures for which these seals are intended, thes 
loads are high when one considers the pressures currently et- 
countered in liquid propellant systems. In addition, they are 
difficult to manufacture and require careful assembly. 


Temperature-Sensitive Seal 


General Discussion 


A seal has been developed for low-temperature service which 
is of the self-sealing class. Maintenance of the initial seal 
is brought about by the drop in temperature produced by lov- 
temperature fluids. One version of this seal and flange ap 
plications are shown in Figs. 1 and 2. The seal consists 0 
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Temperature sensitive seal ring and flange 

groove, before assembly pay 
Flanged coupling with cylindrical seal groove and 
temperature sensitive seal 


Fig. 1 (top): 


Bottom : 


_INDEX TONGUE 
AND GROOVE 


CONICAL 
SEAL GRO 


Fig. 2. Indexed flanged coupling with conical seal groove and 
temperature sensitive seal 


tubber molded onto a metal insert ring having lower thermal 
contraction than the flange metal, thus compensating for the 
relatively high thermal contraction of the rubber. The low 
thermal contraction alloy “Invar’”’ in conjunction with alumi- 
tum flanges is a particularly effective combination. When 
cooled from ambient temperature to the low service tempera- 
ture, the outside radius 6 of the low contraction insert ring, 
Fig. 1 (bottom), contracts less than the inside radius c of the 
fange groove. Considering only thermal strains for the 
moment, the gasket space dimension (c—b) experiences an 
apparent thermal contraction per unit thickness, ¢, as follows: 


_ Ae — Ab. 
(e—b) 


where Ab, Ac = changes in radii 6 and c, respectively, with a 
change in temperature. By making (c—b) small compared 
to radii b and c, the apparent thermal contraction of the gasket 
space may be made many times as great as the thermal con- 
traction of either of the two boundary metals. Thus, forany _ 
given gasket material, the radial dimension (c—}b) of the space 
provided for the gasket may be made such that both the 
gasket space and the gasket itself shrink the same amount 
when cooled. More important, however, is that decreasing 
the dimension (c—b) from the above borderline value causes 
the gasket space to contract more than the gasket. This 
produces a compressive stress in the sealing material which 
increases as the temperature is lowered. However, since the 
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metal insert ring and the flange walls are not completely rigid, 
ie not all of the differential contraction of the metal components 


is taken up by gasket compression. A large portion of it goes 
into hoop strains in the metal. The insert ring becomes com- 
pressed inwardly and the flange wall becomes stretched as 
gasket stress builds up during a drop in temperature. 

Rubber is well suited as a gasket material for a temperature- 
sensitive seal. Since rubber is soft and resilient at ambient 
temperatures, the coupling is readily assembled. A slight 
squeeze produces a radial compressive stress sufficient to form 
the initial seal. While this is also true to some extent for soft 
plastics, the greater elasticity of rubber prevents loss of the 
initial seal by cold flow during storage periods. The stiff- 
ening of rubber which occurs at moderately Jow temperatures 
is used to advantage. While the radial squeeze imposed on 
the gasket by the differentia] contraction of the metal com- 
ponents as the assembly is cooled is relatively ineffective in 
producing additional compressive stress while the rubber is 
soft, at temperatures below the zone in which the rubber stiff- 
ness increases, radial stresses are established which are suffi- 
cient to maintain the initial seal against the service pressure 
for which the coupling is designed. In addition, it may be 
noted that, except for the small assembly force, no bolt load 
is required directly for the purpose of sealing. A bolt load 
sufficient to maintain the mating halves of the coupling in 
contact against internal pressure and vibrational forces is all 
that is required. 

Neoprene compounds have been used in most of the tests 
with this seal. A type W Neoprene compound, without plas- 
ticizer, loaded to a hardness of 67 durometer A with a medium 
reinforcing carbon black, is used to illustrate this paper. 
The shape of the modulus of elasticity in flexure curve for 
this compound, Fig. 3, as obtained by ASTM test method no. 
D797-46 (8), is characteristic of rabber compounds in general. 
Stiffness gradually increases as the temperature is lowered 
from room temperature until the stiffness temperature (the 
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Fig. 3 Modulus of elasticity in flexure vs. temperature, for a 
‘ Neoprene rubber compound | 
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temperature at which the modulus becomes 10,000 psi) is 
approached. The stiffness increases by a factor of more than 
one hundred during cooling through a relatively narrow tem- 
perature zone around the stiffness temperature, which in this 
case is —40 C. Thereafter, gradual stiffening continues as 
the sample is cooled further. Due to time effects (9), the 
modulus of elasticity curve varies somewhat in the transition 
temperature zone for loading times different than those called 
for in the standard test. The stiffness temperature of other 
rubber compounds varies from near room temperature to as 
low as —85 C. 

The thermal contraction curve for an unstressed sample of 
this compound, Fig. 4, shows a sharp reduction in the tempera- 
ture rate of contraction in a region slightly below the stiffness 
temperature. Other types of rubber compounds display the 
same behavior (10, 11, 12). Increasing the proportion of 
fillers such as carbon black and metal oxides reduces the 
thermal contraction. 
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Fig. 4 Thermal contraction and coefficient of thermal contrac- 
tion versus temperature for a Neoprene rubber compound 


. it is of interest to consider the apparent thermal contrac- 
tion displayed when a sample of rubber, initially compressed 
between two plates held a fixed distance apart, is cooled. 
The compressive stress acting upon the pressure plates de- 
creases as the temperature is lowered, due to interchangea- 
bility of thermal strains and those caused by changes in ap- 
plied force. The temperature rate of stress decay becomes 
more rapid as the modulus of elasticity increases. A tem- 
perature is reached at which this apparent compressive stress 
becomes zero, even though internal stresses in the stiffening 
rubber still exist. At lower temperatures, the rubber shrinks 
away from the plates and contacts as an unstressed sample. 
Due to the rapid increase in modulus of elasticity around the 
stiffening temperature, the zero stress temperature falls within 
a few degrees of the stiffness temperature for a wide variation 
in the value of the initial compressive stress. Then, the ap- 


parent coefficient of thermal contraction for a moderately 
compressed sample of rubber (approximately 50 to 200 psi) 
is zero at temperatures down to the stiffness temperature and 
has the same values as unstressed rubber at lower temper. 
tures. 


B_ Theoretical Analysis 


Nomenclature 


a = inside radius of insert, in. 

b = outside radius of insert, in. 

c = inside radius of flange, in. 

d = outside radius of flange, in. 

8, = gasket stress, psi 

€ €) € = numerical value of thermal strain of flange, vasket, 


and insert, respectively, in. 
uy = numerical value of radial displacement at radius c (ue to 
$5,438. 
u, = numerical value of radial strain of the gasket due to s,, in. 
= numerical value of radial displacement at radius 6 ‘jue to 
8, in. 
a, a, @; = instantaneous coefficient of thermal contraction for 
flange, gasket, and insert, respectively, in./in. °( 
E,, E,, E; = instantaneous modulus of elasticity of flange, ¢asket, 
and insert, respectively, psi 
= Poisson’s ratio for flange and insert materials, espec- 
tively 
= temperature, °C 


t 


N= 


b 


An exact equation of gasket stress as a function of tem pera- 
ture for various design configurations and combinations of 
material is not feasible at this time, due to the limited data 
available on low temperature behaviors of rubber, and the 
effects of varying rates of cooling, nonhomogeneous temipera- 
ture distributions, and complex stresses in flange components. 
However, if the following simplifying assumptions are inade, 
an approximate relationship may be obtained which illus- 
trates the more important considerations in temperature- 
sensitive seal design: 

1 The flange wall is a simple ring with rectangular cross 
section equal in width to that of the seal ring and having in- 
side and outside diameters the same as those of the flange at 
the seal location. 

2 The three concentric rings—flange wall, gasket, and 
metal insert—behave as though they are central segments of 
long cylinders. 

3 The gasket compressive stress forming the initial seal 
and the stress existing at any temperature during cooling are 
uniformly distributed throughout the gasket. 

4 The temperature distribution is uniform during cooling 

5 Effects of tangential stresses in the gasket may be neg- 
lected. 

6 All deformations are elastic. 

The simplified representation of the flange assembly in 
Fig. 1 is illustrated in Fig. 5. Strains occurring in the out- 
side radius of the insert, in the gasket thickness, and in the 
inside radius of the flange are considered. As the assembly 
is cooled, each increment of temperature results in changes in 
thermal strains, the sum of which are equal to the sum of the 
changes in deformations brought about by the resulting in- 
crease in gasket stress. 

Then, for each incremental change in temperature Af 


Aer — Aeg — Aexy = Auy + Aug + Auj.........[2] 
the thermal strains are 


Ae; = bajAl.. 
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rately |B Using the general expression for the radial displacement of 24 
) psi) — any point in the wall of a thick-walled cylinder subjected to 
€ and & internal and external pressure (15), the gasket stress becomes z : | ai 
pera- | an external pressure on the insert ring and an internal pres- ° 52S -— 
sure on the flange hoop. The following expressions are ob- 5 > 
tained, neglecting fluid pressure < 
As,M 
o% 347 STAINLESS STEE 
xo 
w 
also xr 
As,(c — b) > z 
isket, Aug = [5] 8 TITANIUM 
| 
ue to  ubstituting in Equation [2] and integrating over the interval T 
a from ambient temperature f, to the service temperature ft, Ww 4 
oy in, 
ue to te — (c — b)ag — bai lINVAR 
= f [6] 
4 M (c - b) N ’ 
yn for — ——— + — fe) 
-I60 -80 -40 0 +40 
’ I The numerator of Equation [6] expresses the net differential TEMPERATURE °C 
spec- | contraction available for deformation of the three concentric 
rings. The denominator indicates the relative rigidity of the Fig. 6 Coefficient of thermal contraction versus temperature for 
three rings and determines the proportion of the net differ- some metals 
ential contraction which goes into gasket compression. It ; ' er 
is through this gasket compression that the stresses required tion obtained for a few metals are plotted in Fig. 6. Appro- 
to maintain the initial seal are established. Average values priate values for the gasket properties are more difficult to 
between ambient and service temperature may be used for the establish. The most correct value for the gasket modulus of 
modulus of elasticity and Poisson’s ratio for each of the elasticity at each given temperature would be the apparent 
era- F netals. The instantaneous coefficients of thermal contrac- modulus found by obtaining the stress strain curve for strains 
is of ee less than 0.001 (in./in.) using a sample configuration which 
data a simulates the gasket as confined in a flange groove. Since 
the Se --s°-\ the effects of shape and degree of confinement become less 
era- OS prominent as the gasket stiffness increases, and since the most 
ants, a: significant temperature range is below the stiffness tempera- 
ade, ~*. ture, the modulus obtained by means of standard flexure tests, 
llus- o 20 0 ~ = _ Fig. 3, is adequate for purposes of seal design. In similar 
‘ure- a = fashion, the most correct value for the instantaneous coeffi- 
| | | = cient of thermal contraction for the gasket would be found by 
“TOSS = L obtaining the strain-temperature curve using the same gasket 
z In- \4 and flange groove configuration and initial gasket compres- 
e at a - sion as in the final design but with groove walls of a material 
LOW THERMAL _=- = having zero thermal contraction. Such data are difficult to 
and CONTRACTION RING | - obtain experimentally. Values of the coefficient of thermal 
is of 4 -——— eontraetion for a moderately compressed rubber gasket are 
se GASKET assumed to be zero at temperatures above the stiffness tem- 
seal FLANGE HOOP — perature and equal to those obtained for an unstressed rubber 
are @2g 7° sample, Fig. 4, at temperatures below the stiffness tempera- 
ture. 
ing. ff Fig. 5 Simplified representation of a temperature-sensitive seal Equation [6] is best evaluated by a step-by-step numerical 
neg- assembly integration. The seal rings used in this development work 
in Table 1 Experimental seal ring assemblies 
Gasket Insert wall 
the Insert ’ thickness thickness 
bly material (c—b), in. (b—a), in. M, in. N, in. 
the Titanium 0.046 0.125 4.89 (7.21 
in- 347 S.S. 
Invar 
Titanium 0.969 0.077 0.094 4.89 9.20 
«347 SS. 
3a] Titanium —0..938 0.108 0.063 4.89 14.0 
3c] 
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‘CALCULATED GASKET STRESS 
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all had the same outside and inside diameters. Design varia- 
tions were accomplished by varying the insert material, vary- 
ing the rubber compound, and varying the insert wall thick- 
ness, which in turn varied the molded rubber thickness. Nine 
seal ring assemblies, which include three dimensional con- 
figurations each with three different insert ring materials, are 
described in Table 1. Gasket stress vs. temperature curves, 
obtained for these nine seal ring assemblies, using the Neo- 
prene compound previously described, are plotted in Fig. 7. 
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Fig. 7 Gasket stress versus temperature, calculated for nine 
seal rings, illustrating effects of varying insert ring material, 
and effects of varying insert wall and gasket thicknesses 


Decreasing temperature results in a negligible increase in 
gasket stress until the stiffness temperature is reached. Fur- 
ther temperature decrease results in an almost linear increase 
in gasket stress. Therefore, a further approximation may be 
made which greatly simplifies design calculations. Using 
average values of the variables, denoted by prime marks, be- 
tween the rubber stiffness temperature, ¢;, and the service 
temperature, ¢t., the following approximation of Equation [6] 
is obtained 


— (c — b)ag’ — bai’ 
E,’ E,’ 


Gasket stress vs. temperature, calculated using Equation 
(7] and average values of material properties from Table 2, 
is plotted in Fig. 7 for seal ring number J-1._ Comparing this 
curve with the curves obtained by step-by-step integration, 
it may be seen that the more approximate method is adequate 
for most design purposes. 

Experimental results with a limited number of flange and 
seal configurations indicate that the ratio of design gasket 
stress to fluid pressure (“gasket factor”) should be between 
1.5 and 2.0 for the coupling shown in Fig. 1. In the case of a 
new design, Equation [7] may be used to achieve a dimen- 
sional balance of the flange and seal components. For ex- 
ample, the rigidity of the flange hoop and insert rings (repre- 
sented by the first and last term of the denominator, respec- 
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Table 2 Average coefficient of thermal contraction and 
modulus of elasticity between —40 C and —190 C 


a’ E’ 
Material 10° psi xX 10° 
Invar Dis 1.55 22.0 
Titanium 6.9 18.0 
347 Stainless Steel 13.4 26.0 
Aluminum 18.1 11.5 
Rubber 47.2 0.92 


tively) should be made approximately equal for an optimum 
design. Another use of Equation [7] is to evaluate the re- 
sults of changing one or more of the materials or dime: sions 
in an existing design of known performance. 

Best results are obtained if the opposing members «if the 
coupling are symmetrical as in Fig. 1. The flange design in 
Fig. 2 employs an indexing groove to prevent damage to the 
seal ring when assembling piping not in perfect alignment. 
A loose clamp ring on the other half eliminates bolt hole «lign- 
ment difficulites. The side having the one piece flange has 
a more rigid “flange hoop” than does the side having the locse 
clamp ring. A higher gasket stress, with accompanying greater 
insert ring deformation is established on the one piece side, 
resulting in a lower gasket stress than would otherwise occur 
in the opposing half of the flange. 

A conical groove, Fig. 2, is superior to a cylindrical groove, 
Fig. 1. The average gasket thickness and average gasket 
stress are the same for both groove shapes, but the thinner 
edges of the gasket, in a conical groove, result in a higher 
gasket stress along the edges. In addition, it is easier to re- 
move a seal ring from a conical groove. 


C Experimental Results 


Conclusive experimental data are difficult to obtain for 
gasketed joints even under the best conditions, and many 
tests are required with each design condition. Testing |ight- 
weight flanges with liquid nitrogen requires remote pressuriz- 
ing and observation. Allowing time for the flange assembly 
to warm up to ambient temperature between tests, and re- 
duction of photographic leakage data make every test time- 
consuming. Because of this, it was not possible to perform 
several separate tests on each of several sample seal rings with 
each of several design configurations for various rubber com- 
pounds, seal groove shapes, and a range of dimensional toler- 
ances. Thermal contraction data were obtained for only a 
few rubber compounds, and low-temperature modulus of elas- 
ticity was obtained for only one compound (Fig. 3). Direct 
comparison between experimental and theoretical results has 
therefore been limited. 

Static pressure tests were conducted in a test pit with the 
equipment shown schematically in Fig. 8. For each test, 
the stand pipe was filled with liquid nitrogen through an open- 
ing at the top. With the vent valve open, the fill opening was 
capped. After personnel left the room, the vent valve was 
closed and the assembly was gradually’ pressurized with ni- 
trogen gas over a period of less than one minute to a maxi- 
mum available pressure of 1150 psi. This procedure was 
followed to simulate the conditions encountered when 4 
liquefied gas from a tank at low pressure is pumped at high 
pressure through a short line. Pressure was allowed to build 
up to as high as 1500 psi (close to the burst pressure for the 
pipe) during some tests. While leak-free results were ob- 
tained at 1500 psi with the most effective seal rings (such as 
I-1), a temperature rise is associated with boiling liquid ni- 
trogen at increasing pressure. Test flanges were provided 
with a manifolding arrangement, Fig. 9, to collect leakage and 
channel it to the measuring equipment, which was monitored 
by a movie camera. 
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Fig. 8 Schematic of installation for static tests of flanges with 
liquid nitrogen 


TO LEAKAGE 
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Fig. 9b Manifold arrangement for collecting leakage from 
indexed flange 


Initial testing was done without leakage measuring equip- 
ment, but it was found that any leakage which occurred was 
too small to be detected by visual observation. While free- 
dom from visible leakage is considered by many to be adequate 
for propulsion system purposes, measurement of leakage per- 
mits comparing various seal design configurations. 

In general, tests with cylindrical seal ring grooves show that 
seal rings with Invar or titanium inserts of series 1 or series 2 
dimensional configurations (see Table 1, seal rings numbers 
I-1, I-2, T-1, and T-2) provide a leak-free joint at test pres- 
sures up to 1150 psi. Occasionally leakage—usually less 
than 100 cu em per min—occurs with the series 2 rings. 
Leakage volume refers to gas volume at ambient temperature 
and pressure. Series 3 rings, such as I-3 and T-3, are quite 
erratic. I-3 rings have sealed effectively to 1150 psi in some 
tests, but have commenced to leak at pressures as low as 600 
psi in other tests. T-3 rings usually have started to leak at 
500-600 psi although there have been a few tests without 
leakage to 1150 psi. 

Seal rings S-1, S-2, and S-3, having 347 stainless steel in- 
serts, are erratic. Ring S-1 has sealed to 1150 psi, but leak- 
age commenced at 200 psi in one test. Leakage started with 
ring S-2 at 100-300 psi, and with ring S-3 at about 100 psi. 
The leakage for the latter ring, the least effective of those in 
Table 1, reached 1200 cc/min at 1150 psi. This leakage rate 
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is not visible unless it is concentrated at one or two points 
along the flange circumference. In early tests, an S-2 seal 
ring in a symmetrical flange, Fig. 1, with a conical seal groove, 
Fig. 2, prevented leakage at test pressure up to 1100 psi. 
The indexed flange with conical seal ring groove, Fig. 2, used 
with a seal ring design midway between either I-1 and I-2 or 
T-1 and T-2 has proved to be an efficient, leakproof design 
for a nominal pressure rating of 1000 psi both in static tests 
with liquid nitrogen and in dynamic tests in liquid oxygen 
lines of propulsion systems. 

A double O-ring version of the seal, Fig. 10, has been tested 


Fig. 10 Temperature-sensitive seal using O-ring gaskets 


successfully against visible leakage with Invar and in some 
cases with stainless steel inner rings, but the 0.125-in. assem- 
bled rubber thickness makes this design marginal. In addi- 
tion, the several pieces involved make assembly somewhat 
awkward. 

An axial version of a temperature sensitive seal, Fig. 11, 
using a stainless steel spacer and two flat neoprene gaskets 


SPACER GASKETS 
Fig. 11 Axial temperature-sensitive seal 


was tested successfully against visible leakage, but this ap- 
proach does not take advantage of the relatively large pipe 
radius which is available for use as do previously illustrated 
designs. Also, bolt loading becomes critically important. 
Fig. 12 illustrates an effective method for sealing an elec- 
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Fig. 12 Temperature-sensitive seal for electrical lead 
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trical lead. This design combines principles of the axial 
temperature sensitive seal and the Bridgeman pressure sensi- 


tive seal. The gaskets in this case also serve as electrical 
insulation. 

& Conclusions 


_ A temperature-sensitive seal which uses the drop in tem- 
perature associated with containment and transmittal of low- 
temperature fluids to establish gasket stresses has been de- 
veloped and found to be effective in preventing leakage dur- 
ing static and dynamic tests with liquid nitrogen and liquid 
oxygen. Instead of attempting to seal in spite of low tem- 
peratures, gasket stresses increase as the temperature is 
lowered and may be established independently from the 
clamping means used in assembly of the coupling. Assembly 
is readily accomplished in cramped locations and the com- 
ponent parts are not difficult to manufacture. Since there is 
apparently no lower limit to the temperature for which the 
seal may be employed, it is expected that it may also be suc- 
cessfully used with lower temperature fluids such as liquid 
hydrogen (—253 C) and liquid helium (—271 C). a 


This work was performed as part of contract number DA- 
30-115-ORD-23. I wish to thank Army Ordnance for per- 
mission to publish the results. The assistance and sugges- 
tions offered by many individuals at the Malta Test Station 
of Project Hermes are appreciated. Special thanks are due 
to E. H. Hull. 
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effected with the O-ring installed in a V-groove with all sur- 


faces finished to 8 to 16 microinches and free of scratches, 
This requirement was felt to be prohibitive and demanded 
unreasonable quality contro] problems for the application 
involved. For this reason, it is believed that the use of etal 
O-rings is extremely limited. However, continued develop- 
ment of this seal type and the mating flanges may increase 
the range of application in the future. 


3 Flexible Metal Seals 


This type of seal consists of a spirally wound, chevron-like 
thin metal ribbon with a filler which serves to space the spiral 
and assist in the sealing. The seal is commercially available 
with either an asbestos or Teflon-type filler. In general. this 
type of seal has enjoyed an excellent reputation for dependa- 
bility throughout a wide range of applications for iany 
different fluids, temperatures, and pressures. This is basi- 
cally due to the incorporation within the seal of three different 
degrees of sealing ability, namely: (a) the thin edges o/ the 
metal tend to dig into the mating flanges and create a metal- 
to-metal seal; (b) the filler acts as a soft gasket to seal irreg- 
ular or roughened flange surfaces; and (c) if neither (a) nor (b 
creates a seal, the spirally wound metal acts as an effective 
labyrinth seal to minimize leakage. 

Actually the metal-to-metal seal is not too effective :fter 
the initial installation, since the sharp metal edges dig into 
the mating flanges and, after a few gasket replacements, 
eventually roughen the flange surfaces. 

The by 1/s-in. cross-section gasket has been used ost 
extensively and the following comments are made for this 
size only. Generally speaking, this type of seal will leak a 
very small amount of gas which is not usually serious. While 
a very tight joint can be realized with liquids using the Teflon- 
type filler, a small amount of liquid seepage has been found 
with the asbestos filler type, probably due to the porosity of 
the asbestos. Despite these minor leakages, this seal has 
proved to be extremely effective and dependable over a tem- 
perature range of from —300 to +1400 F. 

The basic construction of the seal is such that it can accom- 
modate a limited amount of flange distortion, a property 
which is extremely beneficial in many high-temperature ap- 
plications. Unfortunately, however, a rather high bolting 
force (4500 psi on gasket area) must be used to compress the 
seal for optimum sealing ability. 


Conclusions 


While no attempt has been made to thoroughly evaluate all 
of the parameters involved in creating a successful static seal, 
it is believed that the sealing problems presented offer a 
sufficiently great range of operating conditions to form the 
following conclusions: 

1 Except as contraction and expansion affect the type of 
static seal, a good seal design at high temperatures will seal 
equally as well at very low temperatures. 

2 Plastic materials used as gaskets or as lip seals perform 
extremely well at low temperatures. 

3 Rubber O-rings can be used satisfactorily at low tem- 
peratures providing they are heavily compressed and are well 
confined. 

4 Available expanding gasket compounds, used with an 
appropriate gasket, work well at temperatures less than 
1000 F, but do not appear satisfactory for prolonged operation 
above this temperature. It is believed that an attempt 
should be made to extend the operating temperature of this 
type of seal. 
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A discussion is given of several models indicating how 
combustion rates can be increased above the laminar 
fame propagation rate. These models are compared with 
actual flames stabilized under a variety of flow conditions. 
The factors influencing combustion in turbulent streams 
are outlined. 


Introduction 


VERY limited amount of qualitative and quantitative 

information is available concerning the behavior of 
fames in turbulent flow (1). Since even in laminar flow there 
is an intimate interaction between flow and the shape and 
structure of the reaction zone of three-dimensional flames (2), 
it is evident that turbulent flow in the approach stream 
should have some effects on the burning behavior of com- 
bustible gases. 

It has long been considered desirable in engineering practice 
to use turbulent diffusion for the purpose of increasing the 
burning rate of a combustible mixture. However, whether 
turbulent diffusion will, in fact, contribute in this direction 
will depend on the manner of the diffusional process. 

It is of interest to speculate what the effect of turbulent 
notion can be. Three cases are commonly considered: If 
the scale of the fluctuations is small compared to the thick- 
ness of the reaction zone, the distribution of heat and radicals 
established in a laminar flame will be modified and the detailed 
processes of heat transfer and diffusion will be altered (3). If 
the scale is large, the effect of turbulence will be effective in the 
gross transfer of burned or unburned segments of the system 
wer large distances (4). Finally, in the case of intense mix- 
ing the concept of discrete flame fronts is abandoned and the 
raction is assumed to take place homogeneously (5). 
Combustion in turbulent flow is distinguished from the 
nore familiar mass, momentum, and temperature diffusion 
problems in that the rate of the chemical process and its 
temperature dependence are profoundly influenced by the 
xing process. It will be shown below that too vigorous 
xing, for example, can lead to an over-all lowering or even 
esation of the heat release even though the turbulent 
lifusion coefficient has been increased. This sometimes 
mtrary trend of chemical reaction rate and diffusion re- 
juires great care in the interpretation of the results. : 

Combustion Rates 


The case of combustion in turbulent jets has not been 
vlved rigorously and it is very unlikely that it will be without 
king many simplifying assumptions. It is instructive 
owever, to visualize the interaction between the flame- 
‘topagating chemical reaction and the aerodynamics of 
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Flames | in Turbulent Streams’ 


W. G. BERL,’ J. L. RICE,’ and P. ROSEN* 


mixing by setting up models of conceivable though neces- 
sarily extreme mechanisms by which the effect of mixing may 
come to bear (6). 

We shall compute the time requirements to convert a given 
volume of combustible gas into products. (See appendix for 
assumptions and equations.) In all cases the reaction is 
initiated by a spark of sufficient intensity (‘‘critical’’ size) 
to produce a flame propagating with the speed of a plane flame 
front. The combustion process is allowed to proceed by the 
following four alternative paths (see Fig. 1): 


I. LAMINAR FLAME PROPAGATION 


I. LAMINAR PROPAGATION 
FOLLOWED BY HOMOGENEOUS REACTION 


Toe 


Fig. 1 Models of flame propagation 


A The initial source propagates as a laminar flame through 
the fuel-air mixture until it reaches the boundary of the 
combustible gas. Since the combustion proceeds at constant 
pressure, the confining boundary (assumed to be flexible and 
offering no resistance to expansion) will increase in diameter 
until all chemical energy is released. 

B_ The initial source propagates in laminar fashion until it 
has reached a size double that of a “‘critical” initial size. It 
is an experimental observation (7) that flame propagation 
proceeds at a lower rate or even ceases altogether if the 
volume is reduced below this critical size. Once the volume 
has expanded to twice the critical size it is broken up into two 
spheres of critical size which, in their turn, grow again until 
a further split takes place. Each subdivided sphere is moved 
away from any other so that no mutual interference is possi- 
ble. 

C The initial source propagates initially as a laminar 
flame. At a predetermined time the entire remaining un- 
burned mixture is added to the products of combustion exist- 
ing at the time and the chemical reaction permitted to proceed 
homogeneously. The time for conversion of the entire mass 
is made up of two parts: the period of laminar propagation 

and the time of homogeneous reactions. Ninety-five per cent 
consumption of fuel is considered the termination of the 
reaction. 

D The initial source propagates initially as a laminar 
flame. At a predetermined time a fraction of the remaining 
unburned mixture is added homogenously to the combustion 
products in such a way as to maximize the chemical conversion 
rate. After all the available unreacted mixture is added, an 
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additional reaction time is allowed to permit completion of the 
reaction until 95 per cent of the fuel is converted. 

The medels (II-IV) rarely correspond to the type of mixing 
found in actual practice where the assumptions of size of sub- 
division, homogeneity of the mixture, or noninterference are 
difficult to meet. Nevertheless, the models serve the purpose 
of clarifying concepts which are often employed to visualize 
the process of combustion under conditions of turbulent 
mixing, and the interaction between kinetics and mixing 
can be brought out in a relatively simple manner. The con- 
clusions from the calculations are as follows, using the com- 
bustion time of model I as standard of comparison: 

By continuous subdivision according to II, a very considera- 
ble increase in combustion ratec an be achieved provided the 
ratio between “‘critical’’ volume and the total volume is large. 


Table 1 
Volume to Case A (no Case B 
be reacted subdivision) (optimum subdivision); 
ce Time, sec Time, sec 
1 3.22 X 10-3 1.64 X 1075 
10 S13: X 10-* 2.54 X 107% 
100 187X10-? 3.41 X 10-3 | 
1000 ab X 4.29 X 1073 


Table 1 shows the combustion time requirements. A 
“critical’’ radius of 0.1 ec has been used, based on experimental 
evidence of Olsen (7). Thus, appropriate subdivision can 
account for appreciable increases in volumetric reaction 
rates, although no corrections have been made to take account 
of the thickness of the reaction zone. 

Analysis of model III shows that no great gains in conver- 
sion rates can be achieved by a combination of laminar 
propagation and subsequent mixing. In fact, too early homoge- 
nizing of the mixture can lead to a very considerable slow- 
ing-down of the over-all reaction and would be definitely 
undesirable from an engineering point of view. The phe- 
nomenon of virtual extinction of combustion by too rapid 
admixture of combustible is, of course, already well known in 
practice, although the precise mechanism is still in doubt 
(Fig. 2). 

Mixing according to IV shows a considerable time advantage 
over case I, provided homogeneous addition is started early. 
Conversion rates (Table 2) compare favorably with model II, 
particularly if corrections are applied to the latter for the 
thickness of the reaction zone. 
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Fig.2 Combustion time requirements. (Laminar flame fo!lowed 
by homogeneous combustion of completely mixed remainder) 


methods of mixing can produce significant changes in the 
volumetric heat release rates of combustion reactions. 


Flame Jets 


A more complex situation is found in the interpretation of 
actual, steady-state combustion systems to which the extreme 
assumptions of the above models do not apply. It has fre 
quently been observed that three-dimensional structures, 
such as Bunsen flames or “inverted” flames stabilized on 
flame holding rods, are strongly affected in their geometry by 
the superposition of disturbances onto the laminar stream 
flow (8). These changes in the position and structure of the 
reaction zone have been interpreted as due to turbulence 
effects. A typical example is shown in Fig. 3, where the effect 
of moderate flow disturbance gives rise to a reaction zone 
which on time exposure shows a brushlike diffuse structure 
but which in high-speed schlieren pictures shows evidence 
of cell-like reaction fronts. Attempts have been made to find 
connections between the characteristics of turbulence in th 
approach flow and response of the flame zone and to express 
these effects in terms of a turbulent flame speed (9). It wil 
be the purpose of the following discussion to analyze the 
nature of these disturbances. 

One of the fundamental questions to be answered is whether 
superposition of turbulence onto the inlet flow increases thi 
mass rate of transformation of unreacted materials into prod- 
ucts. Previous analyses of the behavior of turbulence on tl 


These considerations show that properly introduced shape of Bunsen flames have interpreted the experiment 
Table 2 
Combustion time requirements 
Laminar flame followed by optimum homogeneous combustion of completely mixed remainder 
0.01 0.1 0.2 0.3 0.4 0.5 0.6 0.7 ” 
2.49 2.55 2.65 2.75 2.85 2.94 3.03 3. 
4.77 5.42 5.93 6.36 6.74 7.08 7.38 Fie 
9.68 11.61 13.02 14.16 15.13 16.00 16.78 AY: 
20.25 24.92 28.25 30.93 33.20 35.20 37.00 38.62 
197.8 248.6 284.3 312.8 336.8 357.8 376.7 393. 
Optimum homogeneous combustion time requirements 
starting from “critical” kernel ignition (“‘critical” radius = 0.1 cc) 
Vo (ec) n* Time, sec 
1 2.89 X 10-3 
10 
100 5.96 X 107% 
1000 7.50 X 107% 
10° iZ.1 10-* 
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n of It is of importance to understand clearly the basis of com- 

eme — parison based on flame length. It has been suggested by J. J. 

fre § Zelinski (10) that a useful method of comparing stabilized 

res, § flames of similar mass throughput but various lengths or 

on § shapes is on the basis of “equivalent flame shape” where 

> by & the “equivalent flame” is represented by a hypothetical non- 

sam § fluctuating reaction surface inclined toward the flow in such a 

the § way that the rate of reaction with distance is equivalent to the 

nce ® fluctuating case. From this equivalent flame shape the 

fect & spatial conversion rates as function of distance can readily be 
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Fig.4 Influence of boundary conditions on shape of “equivalent” 
stoichiometric pentane-air flames. (l-in. center nozzle sur- 
rounded by 3-in. annulus) 

: Fig. 4 shows a family of equivalent flames on a 1-in. nozzle 

¢ | with a stoichiometric propane-air flame and inlet flow velocity 

¢ 180 ft/sec ignited by a parallel hot jet of either the same 

¢ § double the velocity. The data are obtained by measur- 
ing local mass flow and combustion efficiencies, averaging 
the results in each plane, and constructing a symmetrical 
‘quivalent three-dimensional flame with the same _ heat 
release. The difference in the combustion rates as shown 
by the differences in the length-efficiency profiles are due 
0 variations in the mixing conditions between the com- 
bustible jet and the annulus of hot gas which serves as ignition 
source. It must be remembered, however, that the equi- 
valent flames do not indicate space requirements or space heat 
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Fig. 3 Time and schlieren exposure of a pentane-air flame. 
(1-in. nozzle, jet velocity 27 ft/sec) 


observations on the basis of a change in reaction area (i.e., 
fame surface) due to folding while maintaining a laminar 
reaction zone. On this basis, the instantaneous reaction 
volume (and mass rate of heat release) remain unchanged, but 
the flame length decreases. If the flame surface does not 
remain in a fixed position, an additional volume can be con- 
sidered to be occupied by the flame in which chemical reaction 
proceeds. The experimental observations are that the over- 
all length of a three-dimensional Bunsen flame is reduced. 


4 


= between the two jets. The rates, however, are all an 


iat releases. It is clear from combustion efficiency traverses 
_ that the diameter of the actual jet as determined by the 95 
faa per cent efficiency contour is considerably wider over a large 


region of the flame than the diameter of the jet at the nozzle 
exit. Estimates of heat release rates in the 5 to 95 per cent 
- combustion region for the free burning flames of Fig. 4 are 
shown as the four bottom curves in Fig. 5. It is apparent that 
_ the average heat release rates are a function of the velocity 
ratio between the inner combustible and outer igniting jet 
and are sensitive to disturbances in the region of initial con- 
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order of magnitude below the values suggested from the ulti- 
mate reaction rate experiments of Longwell (11) and imply 
less than optimum utilization of the available reaction space. 


Turbulent Bunsen Flames 


The above experiments, carried out in flow regimes of 
interest to engine problems, do not readily lend themselves to 
a study of the effect of controlled stream disturbance on 
reaction. 

To gain an insight into the effects of controlled turbulence 
on flame propagation, experiments with inverted flames were 
sarried out. An advantage of inverted flames lies in the fact 
that flame stabilization does not occur in the boundary layer 
near the nozzle wall. Instabilities in this boundary layer can 
have a profound influence on the flame front stability. In- 
stead, the flame is initiated at the tip of a capillary tube 
through which small quantities of hydrogen gas are passed, 
forming a stabilizing diffusion flame. The combustible 
stream is initially laminar but can be disturbed by wire meshes 
in the flow at such distance from the flame that homogeneous 
turbulence conditions are met. The experimental results are 
as follows: 

As shown in Fig. 6, inverted laminar flames propagate in the 
form of a straight-sided cone. Occasional fluctuations in the 
approach flow give rise to symmetrical disturbances, and time 
exposures of the reaction zone are not as thin as if the flame 
were completely steady. However, for the investigation of 
turbulence effects these flow instabilities are not of major 
significance. 

The introduction of screens (25 mesh) giving rise to tur- 
bulence intensities at the flame tip of 5-7 per cent (approx.) 
has the consequences that the flame front breaks up into a large 
number of cellular structures (Fig. 6). Each disturbance can 
be observed to move along the flame boundary. The speed 
of movement of an individual cell along the flame discon- 
tinuity is approximately that of the tangential velocity of the 
flow. Although the cells increase in size and sharp edges dis- 

appear, there is no evidence of additional superimposed pulsa- 
turbulent flow and disturb- 


tions originating from eddies in the 
343 
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Fig. 6 Schlieren picture of inverted stoichiometric pentane-air 
flames. (Jet velocity 28 ft/sec, H, igniter) 


Left: undisturbed free jet. Right: 25-mesh screen 1/2 inch below 
ignition point. 


ing the wavelike propagation of the cells. One is led to the con- 
clusion that at the turbulence levels under investigation the 
cell formation is not primarily a consequence of the general 
turbulence in the stream. If this were the case, individual 
cells should respond to further disturbances. Rather, the 
laminar flame front itself is in a condition of quasi-stability, 
and periodic disturbances of sufficient magnitude produced 
by the screens are sufficient to set up the instabilities which 
eventually become cell structures (12). Thus, substitution of 
a screen of much smaller mesh (100 mesh/in.) leads to essen- 
tially the same structure. Likewise, wakes from single wires, 
suitably placed to interact with the tip of the flame are 
sufficient to produce the same results. 

It is not possible in the absence.of information concerning 
flow direction of streamlines to translate the geometry of the 
flame structure into a “flame speed” in analogy with the 
normal Bunsen cone. It is observed, however, that the 
introduction of screens causes a small but definite widening of 
the flame angle without changing the base of the cone. This 
increase in the average inclination of the reaction zone brings 
with it a shortening in the length of the “equivalent flame”’ 
and can consequently be considered to represent a decrease in 
the total volume occupied by unreacted gas and reaction zone. 

In analyzing the effect of screen induced turbulence as a 
function of mixture composition, it is seen (Fig. 7) that the 
effect on cell formation is particularly pronounced on the rich 
side of the stoichiometric air/fuel ratio for the pentane-air 
flame under investigation. Up to equivalence ratios of 0.8 


ER#0.86 ER 1.06 ER* 1.26 


Fig. 7 . Equivalence ratio effect on cell formation of inverted 
pentane-air flames 


no clearly defined cells are observed. This finding azain 
would indicate a general break-up of the laminar flame front 
unrelated to the turbulence level of the approach. 

Although an average time exposure or multiple tracings of 
the outline of schlieren images indicate quite conclusively that 
the reaction zone of the disturbed flame is inclined at 4 
greater angle than the laminar case, it was deemed necessary 
to check the validity of this observation by means of eificiency 
traverses. The schlieren edge alone can be misleading by 
masking eddies of unreacted gas that could have diifused into 
the burnt gas. The efficiency traverse established that at 
the same distance from the nozzle exit a larger fraction of 
the emergent fuel jet had reacted in accordance witl: the 
photographie evidence. A flame disturbed by a four-mesh 
screen creating nonisotropic turbulence was also samipled 
and showed a quite different concentration distance profile, 
which, together with the pictorial evidence, suggests that in 
addition to cells a coarse mixing of burnt and unburne:| gas 
masses has taken place. bad ow 


Conclusions 


1 For cases of low turbulence (isotropic, intensity < 10 
per cent) and in the absence of velocity gradients the effects on 
flame propagation are small and are primarily shown in a 
cellular break-up of the reaction zone. Possible explanations 
for the spontaneous onset of instability are given by Mark- 
stein (12). Although a rough estimate of total flame surface 
indicates small changes over the corresponding laminar 
flame, it cannot be said with certainty, in the absence of 
detailed knowledge of the direction of streamlines, that these 
“turbulent” flames are in eftect equivalent to folded laminar 
flames. 

2 For cases of higher turbulence intensity (coarse screens, 
nonisotropic turbulence) more pronounced flow disturbances 
interact with the flame zone. The photographic evidence 
becomes less clear as to the structure of the reaction zone, 
although still giving evidence of cellular structure. The 
composition profiles appear to indicate that considerable 
interlacing of hot and cold gas streams is occurring. 

3 At higher velocities (200 ft/sec) the photographic 
evidence becomes even less satisfactory, except to indicate 
that the continuous reaction zone breaks up into discrete 
eddies at some distance from the stabilizing elements. There 
is also evidence that velocity gradients between the com- 
bustible jet and the annular igniting jet affects the mixing 
zone and thus the heat release rate between them. In fact, 
the structure of the mixing zone is qualitatively similar 
whether combustion is proceeding in the central jet or not. 

Composition profiles indicate that the existence of velocity 
differences can have a marked effect on the flame length, al- 
though, as shown in Fig. 5, the initially high heat release 
rates are not maintained far beyond the influence of turbulence 
producing grids or the region where strong velocity gradients 
exist. 

4 A significant change in heat release rates occurs if the 
combustion is proceeding in a constant area combustion 
chamber. While in the previous cases the acceleration of the 
hot gases after combustion was comparatively small, in con- 
stant area combustion strong velocity gradients are set up 
not only in the vicinity of flame-holding surfaces but again in 
the downstream sections where the majority of the combus- 
tion takes place. Two principal regions of velocity difference 
can be distinguished. The high temperature gases in the 
wake of the flame holder are at first at much lower velocity 
than the unreacted gas. A typical series of traverse is shown 
in Fig. 8. The effects of the flameholder are clearly visible 
in the form of a recirculation zone. The details of flow, the 
ignition process, and the detailed diffusion processes in this 
recirculation zone cannot be discussed in this paper. A 
gradual reversal sets in until at some distance downstream 
the velocity conditions are inverted. Conversion rates 


JET PROPULSION 


VELOCITY (FT 
» 


phot 


hom 
stro! 


9 
Wohl, 
posiun 
The V 

10 
Hopki 
1] 


0 
i, 

Fig 
bur 
Nui 
incl 
38 
ess, 
am 
aml 
= 
pe ra 
grad 
{ 
rate: 
= post 
Ther 
may 

1 

: 
2%, RE 
6 
_ 
ER<0.29 ER«0.59 Johns 
ER*0 
‘ 

* 


i{™ 
as] 
> wW = 
45) 
100, 
| 
2 ' 2 
Fig. 8 Velocity, efficiency, mass flow profiles. (2-in. xX 4-in. 


burner, 170 ft/sec inlet velocity, 1 atm, 1l-in. flameholder. 
Numbers along curves refer to distance of traverse downstream 
from flameholder. ) 

increise at the same time, indicating a dependence between 
the velocity differences and the chemical transformation 
rates. (Fig. 5.) It is not possible, at this time, to specify in 
detail the interrelation between the numerous parameters, 
and one can only emphasize the fact that the combustion proc- 
ess, through its effect on the velocity distribution, provides 
amens leading to better mixing and combustion. 

5 In none of the experiments reported here is there un- 
ambiguous evidence for homogeneous reaction assumed in 
the theory of Avery (5). None of the experimental tools of 
photography or time average sampling can be used to rule out 
homogeneity in parts of the reacting mixture. Although 
strong schlieren gradients are always evidence of steep tem- 
perature (or composition) gradients, the absence of such 
gradients may indicate either homogeneously reacting regions, 
or equally, regions of gas at equilibrium. The heat release 
rates are generally low enough to rule out the necessity for 
postulating homogeneous and near-optimum reaction rates. 
There are instances, however, such as in strongly mixed 
reactors (11), where a considerable fraction of the reaction 
may proceed under homogeneous conditions. 
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APPENDIX 


A Spherical Laminar Flame 


For a spherical laminar flame the velocity of the flame 
front can be caluculated as follows: 


dr 
prA 


where p,, p-, A, r, U, are the hot gas density (at flame tem- 
temperature), cold gas density, surface area, radius, and 
flame speed, respectively. Thus the radius r varies with 
time as 


Ph 
If the radius at ¢ = Ois very small, then r = (p./o,)U,t. Con- 


sequently, the mass consumed at time t is 
4 
*Mr = 
n*Mr 
3 


where M; is the total mass and »n* is the fraction consumed. 
If Vo is the original volume of the cold mass M7, then the 
time ¢ for consuming n*M is 


B Homogeneous Combustion 


If one burns a mass of stoichiometric air-fuel ratio homo- 
geneously, then the rate of consumption of fuel is 


= 
dt (‘). 


where V is the combustion volume, C; is the fuel concentra- 
tion, 7 is the temperature, and B and £ are the kinetic con- 
stants. The volume V can be expressed as 


V = P/RT 
and the fuel concentration can be expressed as 
Cr = M,/V 
where M, is the mass of unconsumed fuel. From an energy 
balance the mass of fuel M, can be determined in terms of the 
temperature as 
MrC,(T — To) 
H; 
where M,, is the initial mass of fuel, H, is the heat of combus- 


tion per unit mass of fuel, and M; is the total mass of mixture. 
When M, = 0, the temperature is the flame temperature, so 


that 
PCp (T; 
) 


Upon substituting Equation [6] into Equation [5] we 


obtain 
T; a PCp —E/RT (7) 
(7) T T 


M, = M,, - 
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EB = 40,000 cal/gm (13) 


(T;/T> — 1) 


RH, [ ee®/RTs 
Th To, t) = “< 
L 


where ¢€ 7’, is the final temperature, and 7> is the initial tem- 


perature. To evaluate the combustion times, the following 
constants are assumed for a typical hydrocarbon-air flame: 


= 12,000 cal/gm 


7, = 40 cm/sec 
B= 2 X 10" sec™! gms“! (13) 


C Optimum Laminar 


For a laminar flame, the rate of consumption of fresh gas 
increases as the area of the flame front increases. Conse- 
quently, it is desirable to increase the flame front area. This 
can be accomplished by breaking up a larger spherical flame 
into smaller ones. The smallest spherical flame that will 
propagate must have a finite size because of stability require- 
ments. Let us denote this critical volume by Ve. Con- 
sequently, the fastest method of consuming a given mass M, 
by laminar propagation is to start with a spherical flame of 
size Vr and let it grow to twice its volume at which the flame 
is divided into two critical size flames and the process is re- 
peated. 

The time of burning from Ver to 2Ver is obtained from 


Equation [2] 
1/3 


4/3 pcl, 


If n designates the number of intervals of duration 7 that have 
occurred, the total volume of burned gas present at the end of 
time nz is 


vy 
log 2 


Thus the total combustion time is 


T. 3[3Ver In Ve/Ver 
= (v2 T.U.N 4r  In2 


D Optimum Homogeneous Combustion © 


In Part B the homogeneous combustion took place at con- 
stant pressure, but the temperature varied from 7 to 95 
per cent of the flame temperature. Now the reaction rate is 
maximum at the temperature 


1 + 2(RT;/E) 


We shall consider the combustion process initiated by a lami- 
nar spherical flame which has consumed M7n* of the total 
mass Mp. 
temperature. To bring it to the optimum temperature we > 
must add an amount AM which is added instantaneously. 
The mass AM is equal to 


Ty — Topt M »* 


346000 


This initial kernel of spherical flame is at the flame — 


taining the mass 


— T. 


= 


We are now ready to proceed with the combustion at the 
optimum temperature by adding cold gas continuously and 
homogeneously to the initial kernel containing the mass 


M. The rate of consumption of fuel is 


BCr? — E/RTopt V | 


Cp = 0.3 cal/gm °C V= Cs = 
6, = 1 + (a/f) 
The rate of addition of fuel = dM/dt i (@/ 


In the steady state the rate of consumption of fuel is equal 
to the rate of addition of fuel. Thus 


— opt)? e— E/RTopt M = dM 
1 + (a/f) RT opt 


dM 


hopt = K’ = K 


To complete the combustion from Top: to 95 per cent of the 
flame temperature, we need an additional time which can be 
computed from Equation [7] with To = Topt. Thus, the 
total time required for process is 


T Ve 4 
"UT, 


where V7 is the total volume of the mass M7 at the flame 
temperature and is equal to Vo (7',/T,). 


+5 log + th(Topt, 0.95)... [10] 


Static Seals for Missile Applications 


(Continued from page 340) 


5 Commonly available static seal materials can be used 
satisfactorily at temperatures above their normal range pro- 
viding the seal life requirements are low. 

6 Soft or flexible metal seals have been found to have the 
greatest range of operating temperature. The flexible metal 
seal is the most attractive for all-round use inasmuch as it 
accommodates uneven surfaces and bolts may be further 
apart. High unit load requirements remain a problem, how- 
ever. 

7 The complete static seal consists not only of the seal 
material, but also the mating flanges. The flanges must be 
designed with full realization of the limitations of the seal. 
= design should not require the seal to do the impossible. 
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Technical Notes_ 


The Incremental-Step Rocket in _ 
Free Space 


the 


HUGH R. WAHLIN! : 


Bell Aircraft Corporation, Buffalo, N. Y. 


Introduction 
MONG the several ingenious schemes for increasing the 

efficiency of rocket propelled vehicles, one of the earliest 

and most intriguing was proposed by Dr. Robert H. Goddard 

! in his 1919 paper, “A Method of Reaching Extreme Alti- 

j tudes’ (1).2. This proposal was for a vehicle having a fixed 
qual § payload mass, plus an additional structural mass and some 
propellant load. The propulsion mechanism was to be ar- 
ranged to provide a linearly decreasing thrust, and the struc- 
tural weight was to be jettisoned, with zero velocity relative 
to the payload, as it became unnecessary by virtue of the de- 
creasing thrust. 

It is intuitively easy to see that the gains resulting from such 
ascheme are due to the fact that each increment of propellant 
imparts impulse to as small a mass as possible, within the 
limits of the construction of the vehicle. Such a rocket may 
best be designated as an incremental-step rocket (i.s.r.), since 
it is essentially an extension of the discrete-step rocket, with 
which today’s workers in rocketry are familiar. 

Unfortunately, the form in which Goddard developed the 
equations of motion of this device did not lend itself to simple 
the exposition, since he considered it as a sounding rocket, and 
nbe B the incorporation of air resistance into the equations and the 
the resulting maximization problems resulted in an expression 

which could not be resolved analytically. A much more satis- 
factory understanding of the incremental-step rocket’s capa- 
(10) § bilities may be gained by considering it in free space. 


_ [8] and the well-known expression for the terminal velocity of 


conventional rocket, V = c In (Mo/M,). 


A that the terminal weight M, of the conventional rocket must 
necessarily be greater than that of the i.s.r. by the amount of 


away,” that is, the percentage of empty weight that is jetti- 
soned by the end of the firing. 


Development of Basic Equation yt 


The propellant consumption of any rocket device, in slugs 
per sec, is given by the fundamental expression F/gI. Substi- 
tuting the linearly decreasing thrust as defined above into this 
expression, and setting the integral of the propellant consump- 
tion from time & to t, equal to the initial propellant load Po, 
the burning time of the i.s.r. is found to be 


for the case where the thrust become zero at t;. The complete 
expression for the instantaneous thrust is then 
com 


2gPol 

We desire to find an expression for the instantaneous ac- 

celeration of the vehicle, F/(M, + S + P). Substituting ex- 
pressions developed thus far, we obtain successively 


= M, + KF + dt 

29Pol 2. [6] 


{ = 
+h + + +( Fy ) 
Fo \ 29Pol 


Integration of the above expression with respect to time 
over the burning interval of the rocket yields the following 
fundamental formula for cutoff velocity of payload V in fps 

V4M,P, — (KFo)? 2M, + KF, 
Po t+ KF ot M 


In more useful terms 
M, 
= tan7! V AMPs +cla—..... [8] 
— So? 2M, + So Mm 
(The positive sign is to be used with the square roots in the 


above expression.) 
An interesting comparison may be made between Equation 


The first term of Equation [8] plainly represents a gain in 
velocity due to the i.s.r. type of construction. The second 
term is also seen to indicate a velocity gain in view of the fact 


structural weight in the conventional machine. 


Limitations of 1.8.R.-Type Design 


Two limitations are inherent in the i.s.r. type of design, and 
both are functions of the design engineer. If he is ingenious 
enough to construct a conventional rocket with a very low 
dead weight, little is to be gained by going to a step design, 
since there is little mass to jettison; conversely, if he is so 
inept that only a fraction of the structural mass of his i.s.r. de- 
sign is jettisoned, very little will be gained. Since most de- 
signers fall between these extremes, the i.s.r. principle will 
possibly prove advantageous in practice. 


Acceleration Characteristics of the I.S.R. 


Fig. 1 is a plot of acceleration versus time during the burn- 
ing cycle of an i.s.r. having a mass ratio of 3:1:1/2 (50 per cent 


ign, § Eprror’s N OTE: This section of Jet PROPULSION is open to short manuscripts describing new developments or offering comments on 
papers previously published. Such manuscripts are published without editorial review, usually within two months of the date of receipt. 


Nomenclature 
ame 
A = instantaneous acceleration of vehicle, ft/sec? 
ec = effective exhaust velocity, ft/sec 
F = thrust of the power plant, lb Z 
oe G = the gravitational constant, 32.2 ft/sec? 
I = specific impulse of the propellant used, sec a 
K = ratio of structural weight to thrust, sec?/ft oe a i 
M; = gross vehicle weight, including propellant, slugs - 
M, = payload weight, slugs 
P = instantaneous propellant load, slugs 
S = instantaneous structural weight required to transmit 
thrust to P and M,, slugs 
- t = time from beginning of firing, sec 
Set VY = velocity of vehicle, ft/sec 
Subscripts 
the 0 = initial conditions 1 = burnout conditions 
otal The rocket is constructed such that 
Ss it F = Fy aF ot [1] 
her | where the constant a is to be determined and 
all A new form of the conventional mass ratio having three 
a terms is also introduced at this time. Thus, when a mass 
eal, | [tio of the form A:B:C is given, it is understood to refer to 
ble. the (full weight) :(empty weight): (payload weight) ratio. 
The ratio of (B — C)/B is further defined as the “break- 
_Presented at the Ninth ARS Annual Convention, New York, 
N. Y., December 2, 1954. 
luet ‘ Rocket Installation Engineer. Mem. ARS. 
* Numbers in parentheses indicate References at end of paper. 
equirements as to style are the same as for regular contributions (see first page of this issue. ) 
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Fig. 1 Acceleration vs. time, 3 = 1 = '/, i.s.r. with initial ac- 


celeration ~ 1 g 


breakaway) and an initial acceleration of 30 ft/sec?. A 
maximum acceleration is observed to occur during the firing 
period. A straightforward application of calculus to the ac- 
celleration Equation [6] yields the following expressions for the 
maximum acceleration and the instant of its occurrence 


Fy 


Sufficient structural strength must be incorporated in the 
payload to withstand this maximum acceleration. 


Bases of Comparison of I.S.R. and Conventional Rockets 


In order to directly compare the i.s.r. and conventional 
construction, equality of any of several parameters may be 
predicated. Possible equalities, and the circumstances under 
which they may be of importance, are listed below. 

1 Efficiency of structure (equal “‘K’’). This is considered 
to be mandatory in any comparison, since unequal K’s 
would unjustly penalize one vehicle. (It is assumed that the 
incremental step construction may be closely approached with 
little increase in weight by exercising sufficient ingenuity.) 

2 Equal payload weight (M,). This consideration is also 
considered mandatory. (Unless equality 3 is also satisfied, 
one payload will contain unnecessary structure.) 

3 Equal maximum payload acceleration (Amax). This 
quantity will be of importance in high-performance vehicles 
carrying a human payload, delicate instruments, etc. 

4 Equal burning time (¢,). This will be a major considera- 
tion for operation in strong gravitational fields, where it is de- 
sirable to increase propellant utilization by keeping firing time 
as short as possible. 

5 Equal gross weight (M,) will be of great importance 
where all components of the rocket must be lifted to a great 
altitude, as in the case of a rocket taking off from an artificial 
satellite. 

6 Equal propellant weight (Po) will be a factor in the case 
of a (hypothetical) high energy propellant whose manufactur- 
ing cost far exceeds that of ferrying it to the take-off point. 

7 Equal empty weight (M, + Sp) will assume the impor- 
tance accorded currently to equal gross weights in the event 
that engines requiring minute amounts of working fluid (ion 
rocket, photon rocket) become a practical accomplishment. 

8 Equal initial thrust (Fo) or its equivalent, equal struc- 
tural weight (So) would assume importance with the advent of 
massive power plants such as are indicated by current nuclear- 
rocket proposals. 

In the course of making the following comparisons it has 
been found that imposing four independent equalities is suf- 
ficient to completely define the conventional and incremental- 
step vehicles to be compared. 


Comparison of I.S.R. and Conventional Rockets 


The standard of comparison used in the following graphs is 
the ratio of the burnout velocity of an incremental-step ve- 
hicle to that of a comparable conventional rocket. If the 
velocity ratios in the graphs are squared, the gain in kinetic 
energy per unit mass is obtained. 

The most straightforward comparison to make is between 
rockets of similar mass ratio, i.e., a 3:1 conventional rocket 
and a 3:1:1/,i.s.r. In terms of the equalities of the prece:ling 
section, this represents two machines having equal struct ral 
efficiency, payload weight, gross weight, propellant weizht, 
structural weight, empty weight, and initial thrust, and |\ay- 
ing unequal burning times and maximum accelerations. such 
a comparison is made in Fig. 2. 
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MASS RATIO OF CONVENTIONAL ROCKET 
FIGURE 2 


Fig. 2 Comparison of i.s.r. and conventional rocket having 
similar mass ratios 


Significant performance gains may be discerned in the range 
of mass ratios commonly achieved today, particularly for high 
percentages of breakaway such as might be possible in high- 
acceleration vehicles where the structure required to sustain 
the thrust is proportionately large. 

While the above comparison yields the greatest physical 
similarity between the two machines, it is not the most useful 
one to make in the light of present trends. For this reason. a 
second comparison was made on the basis of conditions 1, 2, 4, 
and 5, equal structural efficiency, payload, gross weight, and 
burning time. Equal burning time was chosen in preference 
to equal maximum acceleration in order to simplify direct 
comparison in an arbitrary gravitational field. This is done in 
a particular instance by subtracting the velocity decrement re- 
sulting from the action of gravity during the burning interval 
from the cutoff velocity of each rocket. Further weight is lent 
to this position by recent studies which show that burning 
interval has an influence on performance for any arbitrary 
trajectory under consideration, with short, impulsive thrusts 
being the most efficient (2). The writer feels that where per- 
formance is to be gained, the payload will be required to sus- 
tain whatever acceleration is necessary, within reasonable 

limits. 

Since the reader may wish to calculate such vehicles him- 
self, the following formula is offered. If the subscript a de- 
notes a conventional vehicle, and 6 denotes an incremental- 
step vehicle, then conditions 1, 2, 4, and 5 dictate that 


Vier 2P x, 


= 
Thus, the proportions of the i.s.r. being given, the propellant 
load of the conventional machine is rapidly determined. 
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MASS RATIO OF CONVENTIONAL ROCKET 
FIGURE 3 


Fig. 3 Comparison of i.s.r. and conventional rocket having 
equal gross weight, payload, burning time, and structural effi- 
ciency 


This. together with the equal gross weight, permits deter- 
minition of the mass ratio of the conventional rocket. 

Fig. 3 is a plot of the gains to be realized by i.s.r. construc- 
tion under conditions 1, 2, 4, and 5. These gains are seen to 
be only slightly less than those of Fig. 2, and in the range of 
mass ratios common today are well worth striving for. 
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| Engineers 


& RAMJET Two interesting positions 
immediately available for 

ENGINES men with an engineering degree, age 
25 to 35, and 3 years’ aircraft 

> a industry experience in marketing, 
development. Close 


design or 
acquaintanceship with military avia- 


tion is desirable, as well as the ability 


All to perform rough performance an- 
we alysis on rocket or ramjet engines. 
ele 
confidential. To men with the urge to get out and 
Please around...in a technical field of 
write complete increasing importance. ..these open- 
details. ings present a challenge. Work 


will involve contact with airframe 
manufacturers and government agen- 
cies; coordination of marketing and 
sales activities; and contributions 


BOX A toward evaluation of the merits of 
AMERICAN potential rocket or ramjet business. 
ROCKET SOCIETY Location: Midwest 


AVENUE Future: A stable association with 


NEW YORK 36, N. Y. one of America’s top industrial 


leaders...an organization of di- 
verse activity in which the benefits 
and advancement potential are 


excellent. 


Designer and manufacturer of fuel 
nozzles for rocket motors. Delavan 
offers experienced personnel and 
complete facilities to design, devel- 
op, test and produce fuel injection 
nozzles for the most advanced 
power plants of today . .* and fo- 
morrow! 


DELAVAN Mfg. Co. 
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New Patents 


et nozzle actuator (2,704,436). Clair A. 
hort, Jr., Indianapolis, Ind., assignor to 
General Motors Corp. 


Starting fuel system for jet and rocket 
motors (2,704,438). Herman E. Sheets, 
Akron, Ohio, assignor to Goodyear Corp. 


Aircraft body with encircling gas turbine 
jet engine (2,704,645). Richard H. Colvin, 
Vancouver, B. C., Canada. 


Control for beam guidance system (2,704,- 
647). Raymond I. Meyers and Corles M. 
Perkins, assignor to Bendix Aviation. 


Apparatus for mixing, atomizing, and 
partially ane fluid materials (2,704,- 
659). Armen G. W. Fochs (Germany). 


Combustion chamber for air-borne solid 
fuel (2,672,012). Marcel Veron, Neuilly- 
sur-Seine, France, assignor to The Bab- 
cock & Wilcox Co. 


means (2,708,339). Francis M. Johnson © 
and Ernest Milner, Darby, England, as- 
signors to Rolls-Royce, Ltd. 


Pump arrangements for gas-turbine en- 
gine fuel systems (2,706,888). David H. 
Ballantyne, David O. Davies, and Des- 
mond E. Bowns, Nottingham, England, 
assignors to Rolls-Royce, Ltd. 


Combustion chambers of gas turbine en- 
gines (2,706,889). Sydney Allen and 
Morris A. Stokes, Coventry, England, as- 
— to Armstrong Siddeley Motors, 
std. 


Afterburner apparatus for turbo jet en- 
gines having movable flame holder _— 
(2,707,372). Frank A. Cleveland II, 
Pasadena, Calif., assignor to Lockheed 
Aircraft Corp. 


Roll rate indicator for guided missile test- 
ing (2,707,401). Eugene M. McNatt, 
Tulsa, Okla, assignor to the U. 8S. Navy. 


Jet engine fuel control system responsive 
to engine speed and tail pipe temperature 
(2,707,866). T. Cyril Noon and Walter 


R. Chapman, Bedford, Ohio, assignors to 
Thompson Products, Inc. 


Combustion equipment for gas turbine 
engine having main and pilot fuel injector 


| 


2,707,864 


Combat damage control system for gas- 
turbine or turbojet engines (2,707,864). 
John E. Taylor, Dayton, Ohio. 

Air and fuel inlet valves and equalizing 
passageway shut-off valves connected to 
close in unism, and held open by a trigger. 
Fusible tubing containing fluid under pres- 
sure extending over the combat exposed 
area of the burner, and connected to a trip- 
ping device actuated by a drop in pressure. 


Method of using a hot vapor igniter (2,- 
708,341). Maurice J. Zucrow, Lafayette, 
Ind., assignor to The M. W. Kellogg Co. 

Components admitting propellant into 
an igniter chamber to change the liquid to 
avapor. Other components give instan- 
taneous reaction and the flame is led to the 
combustion chamber. Selected amounts 
of propellants are then admitted to achieve 
further reaction and obtain the desired 


2,708,825 


Jet nozzle actuating mechanism (2,708,- 
825). Kenneth J. Neary, San Diego, 
Calif., assignor to General Motors Corp. 

Reciprocable drive motor with movable 
and stationary parts mounted on a pivot, a 
thrust member coupled to the movable 
part, and reaction means between the 
pivot and the stationary part. A surface 
in contact with the thrust member to 
guide and restrain the member against rela- 
tive rotary movement. 


Fuel burning means for a gaseous-fluid 
propulsion jet (2,704,435). Sidney Allen, 
Coventry, England, assignor to Armstrong- 
Siddeley Motors, Ltd. 


Liquid propellant rocket motor (2,706,387), 
Harlow B. Grow, Salt Lake City, Utah. 


Jet propulsion units embodying positive 
displacement compressor and engine com- 
ponents (2,709,336). Hans R. Nilsson 
and Teodor I. Landhagen, Stockholm, 
Sweden, assignors to Jarvis C. Ma rble, 
New York, N. Y., Leslie M. Merrill, WV est- 
mg N. J., and Percy H. Batten, Ra icine, 
is 


Boundary layer control for the diffuse: of a 
gas turbine (2,709,337). Stanley J. \lark- 
owski, E. Hartford, Conn., assignor to 
United Aircraft Corp. 

Walls of a gas turbine gas passage di verg- 
ing so that the passage increases in «ross- 
sectional area downstream, producing a 
diffusing action. Control of the ou:flow 
from the passage to produce trailing vor- 
tices projecting downstream for energizing 
the boundary layer. 


Air intakes, more particularly for aircraft 
(2,709,499). John E. Bell and Beitram 
A. Peaster, Bristol, England, assignors to 
Bristol Aeroplane Co., Ltd. 

Retractable screen for an air-intake duct 
hinged about an axis in a plane normal to 
the long axis of the duct. An opening in 
the duct wall permits swinging the screen 
toward the duct mouth. 


Fuel regulator responsive to speed and 
atmospheric pressure (2,706,885). Harold 
H. Ostroff, Alb C. Ballauer, Ferguson, and 
Jas. A. Mazzoni, Richmond Heights, Mo., 
assignors to McDonnell Aircraft Corp. 


Mixed fuel control system for a rocket 
motor (2,708,342). Sydney Allen and 
Dennis Hurden, Park Side, Coventry, 
England, assignors to Armstrong Siddeley 
Motors, Ltd. 

Pump for liquid fuel controlled to pre- 
vent commencing delivery until the oxi- 
dizer pump has attained a constant rate of 
delivery of liquid oxidizer from the reser- 
voir to the by-pass. 


Temperature control system for gas tur- 
bine power plants (2,708,343). Bertrand 
H. Brown and Edward F. Esmeier, W are- 
house Point, Conn., assignors to United 
Aircraft Corp. 

Means associated with a synchronous 
motor for regulating flow in response to 
changes in temperature of gases passing 
over uncambered turbine blades. 


2,708,343 


Epitor’s Norte: 


The patents listed above were selected from recent issues of the Official Gazette of the U. S. Patent Office. 
Printed copies of patents may be obtained at a cost of 25 cents each, from the Commissioner of Patents, Washington 25, D. C. 
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fhe latest advances in aeronautical 
ow metering accuracy in the most difficult 


weer, compact, easy to install, even in hard-to-get-at locations, they measure 
fuels, propellants, lubricants with 12% accuracy ... at 35,000 psi... at 1200°F! 


The unique Potter sensing element is inherently linear and explosion-proof, has 
a wide rangeability and a low pressure drop. 


The Potter meter holds its calibration because it is designed for dependability 
with no complex linkages and no thrust bearings. 


Find out how you can fit this meter into a Telemetering System, A Flow Recorder, 
or a Fuel Control System to meet your needs. 


Write for bulletin AF 1 today. 


POTTER AERONAUTICAL COMPANY 
Route 22 + Union, New Jersey * Phone MUrdock 6-3010 


Makers of “Potter Engineered” products male 
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Jet Aircraft, Engines 


EECH Aircraft’s entry into the jet field was announced 

last month with a nation-wide tour demonstrating the 
MS 760, produced in France, which Beech has an option to 
manufacture in the United States. Designed and built by 
the pioneer aircraft manufacturer Morane-Saulnier, this new 
4-place executive transport, first and only twin-jet personal 
transport, is a development from the 2-place MS 755 jet 
trainer, a fully aerobatic plane with a top speed of 440 mph. 
The MS 760 has cross-country speeds similar to advanced 
airline transports, and can be operated from medium-sized 
airports. It is powered with the French Turbomeca 
‘““Marbore II” engines, the American version now produced 
by Continental Aviation and Engineering Corp. under the 
designation J69. Features of the MS 760 include dive brakes, 
cabin pressurization, full air conditioning, and refrigeration. 


PERFORMANCE (Ar Maximum Gross Weight 7480 Ib) 
Cruising Speed and Range at 21000 rpm (Normal) 

(With Climb and Letdown Allowances but no Reserve) 


Maximum Range at 23000 Feet at 20000 rpm 
At 303 Miles/Hour (Endurance 3.35 Hours).......... 1015 mi 
*Service Ceiling — Two Engines (100 fpm)............... 35,500 ft 
*Absolute Ceiling — Two Engines...................++-. 37,000 ft 
*Absolute Ceiling — One Engine..................-+.++. 10,000 fr 
Take-Off Distance @ T. O. Speed of 105 mph 
Landing Distance 
*At 22700 RPM (Maximum) 
Rate of Climb — Two Engines (22700 rpm) 
Rate of Climb — One Engine (22700 rpm) 
WEIGHTS 
Empty Weight with Equipment.....................-+.- 4325 lb 
Allowance for Four Passengers and Baggage.............. 805 Ib 
Gross Weight........... 7480 Ib 
DIMENSIONS AND AREAS 
Maximum Height (Top of Stabilizer) ...................-: 8.5 ft 


: 


Alfred J. Zaehringer, American Rocket Company, Associate Editor 


Rockets, Guided Missiles 


DDITIONAL details have been released concerning the 
Hermes Al guided missile. General Electric (Co, 
developed the surface-to-surface missile for Army Ordnance 
and flight tests started in 1950. Specifications: length, 25 ft, 


bes 


~~ 


6 in; diameter, 2 ft, 10 in.; fin span, 8 ft, 2 in.; launching weight 
6600 lb; speed, Mach 2.5; altitude, 15 mi; range 30 mi 
Propulsion comes from a GE, pressure-fed, lox-alcohol rocket 
engine of 16,000 lb thrust. 


@ The Weather Bureau is to use rockets to determine the 
direction and severity of hurricanes at the Miami Hurricane 
Forecasting Center. The rockets will be launched from island 
stations and can attain altitudes of 250,000 ft and yet land 
within 1 mile of the launching site. Storm cloud structure will 
be recorded on film. 


e@ Under the sponsorship of Aerojet-General, a solid propel- 
lant research program has been initiated at the Forrestal 
Research Center, Princeton, N. J. Aim of the unclassified 
program is a study of the mechanism of combustion of solid 
propellants. Results are to be made availabie to all who are 
interested in the subject by open publication in scientific 
journals. Prof. Martin Summerfield is directing the research. 


e A new rotating dome protects missile trackers in a develop- 
ment by Oerlikon of America, Ashville, N. C. Of fiberglass, 
the dome is driven by a servo system and houses optical 
tracking instruments. 

@ Canada is testing new air-to-air guided missiles at its 
4600 square mile weapons range at Cold Lake, Alta. The 
RCAF weapons were developed at its Defense Research Board 
facility at Valcartier, Que. New Canadian guided missiles are 
also to be developed by Avro Canada, Ltd. Meanwhile, 
the governments of the Netherlands and Norway have 
announced joint guided missile programs for air defense. 


@ The first of the Aerobee-Hi rockets attained an altitude of 
124 miles in a recent test at Holloman AFB, N. Mex. In- 
creased performance is due to increased oxidizer concentration 
and the use of a very thin stainless steel skin. Maximum 
speed in subsequent tests is expected to be near Machi 6. 
Initial cost is now about $30,000 per rocket with an eventual 
production cost of $22,000. 


Eprtor’s Nore: The information reported in this Section has been selected from approved news releases originating with the Depart- 
ment of Defense, private manufacturers, universities, etc., and from published news accounts in journals and newspapers. The reports 
are considered generally reliable, although no attempt has been made to verify them in detail. 


352 


PROPULSION 


lens 
wel 
gal 

fror 


chil 


el 
firn 


man 
mob 


Jun 


— 
| 
The 
sing 
slig 
wou 
cons 
four 
tion 
Proj 
pres 
whi 
Tot. 
3.6 
9.4 | 
= 
ave 
| 
| 


e Firebee, by Ryan is to be used as a tactical guided 
missile. Firebee has a maximum speed of 610 mph and can 


cruise at 40,000 ft at a speed of 605 mph. Endurance is | 
br, 20 min at 575 mph and 40,000 ft. Service ceiling is 42,500 
ft. Sea level rate of climb is 8500 fpm. Specifications include: 
length, 17 ft, 3 in.; height, 5 ft, 10 in.; span, 11 ft, 2 in.; empty 
weight, 1181 lb; gross weight, 1848 lb. Fuel capacity is 100 
gal and payload weight is about 500 lb. Propulsion comes 
fom a Continental-Marbore Turbojet J-69-T-19 or a Fair- 
child Ranger Turbojet J-44-R-20. 


e In a special release to Jer PRopu.sion, the Swiss Oerlikon 
frm has given details of its AA guided missile, Type 54. 
The missile, operating on the beam-rider principle, is a 
single-stage rocket about 19 ft long and has a diameter of 
slightly over 15 in. The fuselage is of plastic-laminated 
wound metal. The four cruciform delta wings, of sandwich 
construction, produce lift for the curved trajectory while 
fouraft fins are used for steering after rocket combustion cutoff. 
The rocket motor uses W FN A-kerosene propellant in combina- 
tion with an igniting fluid of triethylamine and xylidine. 
Propellants are fed into the combustion chamber by a com- 
pressed nitrogen feed system at 300 atm. The rocket motor, 
which can be swivelled, produces 2200 lb thrust for 30 sec. 
Total launching weight is about 770 lb. Burnout altitude is 
5.6 miles and the maximum altitude for guidance is about 
94 miles. A typical missile group consists of a central com- 
mand post and three missile batteries. All groups are 
mobile. A group contains a battery radar tracker (which 


may be used with an optical tracker), a computer, a beam 
transmitter, and twin missile launcher. A network of long- 
range, early-warning radars can monitor the approach of a 
target at ranges of up to 185 miles and can transmit target in- 
formation to the command post. In the event of no early- 
warning system, the group radar can detect a target at a 
range of 60-125 miles. The beam rider system searches 
during the flight with the center of the beam directed at the 
target. The system is simple and allows several missiles to 


be used on the same illuminating beam. The guidance and 
control system within the missile contains an antenna, 
amplifier, servos, and a power source. The power source is 
unique in that a turbine driven by the compressed nitrogen 
supplies the necessary current. A recovery system (one 
each for the nose section and the propulsion unit) can be used 
for test and training purposes. 

@ First photos (below) of the Falcon air-to-air guided rocket 
show that its guidance system is designed to hold it on a 
course to hit its target despite evasive maneuvers. Falcon 
has been under development for the Air Force since 1947. 
Hughes launched the first test rocket in 1950. Since then 
‘alcon has been knocking target drones out of the air 
even with explosive charges. 
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| ty-Seven Papers Slated for Meetings in 
yanston and Los Angeles 


ips to Aerojet, Douglas, Morris Dam, Disney a 
dios During Fall Meeting 


TOTAL of forty-five papers on com- 
‘bustion instability, turbulent com- 
on, injection, atomization, sprays, 
jon, laminar flame propagation, and 
subjects are tentatively scheduled 
‘the ARS-Northwestern Technological 
ute Symposium on Aerothermo- 
mistry. 
he meeting will be held August 22-24 
‘Northwestern University, Evanston, 

The tentative schedule for the Septem- 
# 19-21 Fall Meeting being planned by 
Southern California Section has been 
ed by William J. Cecka, chairman. 

verity-two papers are slated, covering 
power plants for helicopters, 
id «nd solid propellants, heat transfer, 
bustion, missile range safety, field 
pment, and other subjects. 
confidential trip to Aerojet-General 
poration’s Azusa facility is planned, as 
as unclassified trips to the aircraft 
ufacturing plant at Douglas Aircraft 
to a torpedo testing facility at Morris 


her special events feature an in- 
ion tour of the Walt Disney studios 
2 a preview of a science fiction film 
be shown. Unclassified films on 
ets, missiles, and aircraft supplied by 
thern California companies will be 
n on one of the evenings during the 
ing. 

e complete program will be included 
p September issue of Jet PROPULSION. 


Olson New 
tion Leaders 


GUSTUS H. FOX, professor of mathe- 
matics at Union College, Schenectady, 
Y., is new president of the Northeastern 
York Section, succeeding Kurt Ber- 
n of General Electric. 
erving with Dr. Fox for the coming 
will be Theodore C. Swartz, vice- 
ident; George S. Emmons, secretary; 
A. B. Brown, treasurer. Directors 
Joseph V. Foa, H. M. Ogle, and Elliot 
ig. Dr. Foa is professor of aeronautical 
Rineering at Rensselaer Polytechnic 
Btitute. The rest are with General 
tric. 
Meanwhile, the Cleveland-Akron Sec- 
m has elected Walter T. Olson, Chief, 
els and Combustion Research Div., 
ACA, Lewis Flight Propulsion Labora- 
iry, Cleveland, as new president. Olson 
mceeds John L. Sloop, also of NACA. 
New vice-president of Cleveland-Akron 
Adelbert O. Tischler of NACA. He will 
0 serve as program chairman. Morris 
Zipkin of Goodyear Aircraft Corp., 
fron, is secretary-treasurer, and the new 
0-year director is Henry Burlage of Case 


1955 


Institute of Technology. Darrell 
Romick continues as a director. 


Davis Speaks to 
Cocoa Banquet 


REVIEW of the Society’s 25 years of 

existence and a talk on current pro- 
grams and plans featured the appear- 
ance of Noah S. Davis, national vice- 
president, before a May 18 banquet of the 
Florida Section at Cocoa, Fla. 

Dr. Davis, who has been program chair- 
man for three years during which the 
number of technical papers delivered has 
increased from 29 in 1953 to an expected 
123 during 1955, stressed the breadth of 
interest which the Society now encom- 
passes. He pointed out that, in addition 
to power plants, ARS is concerned with 
guidance and control, high temperature 
materials, components, aerodynamics, up- 
per atmosphere research, instrumentation, 
and many other fields. 

He recalled that, in 1944, ARS had 237 
members and only one Section, and con- 
trasted these figures with today’s member- 
ship of more than 3000 with 22 sections. 


Classified Meetings 
Popular 
T DEADLINE time for this issue, 


plans were under way by the South- 
ern California Section to make a closed 


Aag. 1-6 


. 22-24 ARS-Northwestern 


Evanston, III. 
Sept. 19-21 
Nov. 13-18 
Dec. 12-16 


Abstracts or manuscripts for all meetings are invited. 
mitted to the Program Chairman, American Rocket Society, 500 Fifth Ave., 
New York 36, N. Y., 120 days prior to the meeting date. 


ARS MEETINGS CALENDAR © 
Sixth IAF Congress, Copenhagen 


University, Gas Dynamics Symposium, 


ARS Fall Meeting, Los Angeles, Calif. 
ARS-ASME Annual Convention, Chicago, III. 
Nuclear Science and Engineering Congress, Cleveland, Ohio 


David N. Buell (seated, right), director of 
the Detroit Section and engineer with 
Chrysler’s Missile Group, spoke to a fore- 
man’s club on April 15. 


field trip on June 10 to the U. S. Naval 
Ordnance Test Station at Inyokern, Calif. 

Southern California has held several 
such closed meetings, including one last 
November—a panel on guided missiles— 
which attracted 350 people. 

A report from Nathan Wagner, secre- 
tary of the New Mexico-West Texas 
Section, says that ‘“‘The Section has begun 
a policy of closed meetings. It is meeting 
great favor with the membership.” 


Berman on 
Combustion Instability 


UEST speaker at a May 3 meeting of 

the Indiana Section at Purdue 
University was Kurt Berman, national 
director from General Electric Co., 
Schenectady. Dr. Berman discussed re- 
sults of experiments conducted with a 
rocket motor that had a window built into 
it to permit observation of combustion 


They should be sub- 


SECTION PRESIDENTS 


Alabama: JosepH Wiaarns, Thiokol Chem. Corp.; Arizona: R. H. Hansen, Hughes Aircraft Co.; 
Central Texas: B.S. ApELMAN, Phillips Petroleum Co.; Chicago: V. J. CusHine, Armour Re- 
search Foundation; Cleveland-Akron: W. T. Orson, NACA; Detroit: Frep Kiemacn, Nat'l 
Research & Development Corp.; Florida: R.S. MircHe.y, Pan American World Airways; Indiana: 
A. R. Grawam, Purdue Univ.; Maryland: W.G. Purpy, Glenn L. Martin Co.; National Capital: 
E. C. Pace, Page Communications, Inc.; New Mexico-West Texas: R. C. SHERBURNE, New 
Merico A & M; New York: C. W. CuILuson, Curtiss-Wright Corp.; Niagara Frontier: T. ZANNEs, 
A. H. Fox, Union College; Northern California: 
M. A. Pino, California Research Corp.; Pacific Northwest: R.M. Bripcrortn, Boeing Airplane 
Co.; Princeton Group: Irvin GLAssMAN. Princeton Univ.; St. Louis: Norton B. Moore, 
McDonnell Aircraft Corp.; Southern California: 
W. J. Mizen, Bendix Aviation Corp.; Twin Cities: J. J. Scnons, Univ. of Minnesota. 


Bell Aircraft Corp.; Northeastern New York: 


C. M. McCutosxey, ONR; Southern Ohio: 
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LONG-RANGE 
CONTINUING 
OPPORTUNITY 
FOR 


ELECTRICAL 
AND 


MECHANICAL 
ENGINEERS 
AT 


OPENINGS EXIST FOR... 
LIQUID PROPELLANT 
ROCKET CONTROLS 

ENGINEER 


Mechanical or electrical engineer to 
supervise the research and development 
of liquid propellant rocket controls, sys- 
tems design, component design, develop- 
ment and testing. 


CONTROL ENGINEER 


Requiring an engineering degree in elec- 
trical engineering or math and physics, 
plus at least three years of experience 
in design analysis of feedback control 
systems. Should be familiar with fre- 
quency response methods as applied to 
feedback control synthesis. Analog 
computer and simulator experience 
highly desirable. Activity is in the field 
of aircraft and missile power plant con- 
trols including gas turbine, ram jet, and 
rocket types. Controls are largely 
hydromechanical. The fuel metering 
research facility includes an analog 
computer and jet engine simulators. 


ES 


MAGNETIC AMPLIFIER 
SYSTEMS ENGINEER 


Electrical engineer supervisory capacity 
on research and development of mag- 
netic amplifier circuitry, control systems, 
and component design and _ testing, 
supervising other engineers and tech- 
nicians. 


The salary of these positions will be de- 
termined by your ability and experience. 


Send detailed resume listing education, 


engineering experience, and salary RAMJE 5 & AFTERBURNERS 


requirement to: 


TECHNICAL EMPLOYMENT 
_ DEPARTMENT S.B. 


BENDIX PRODUCTS DIVISION OF 
BENDIX AVIATION CORPORATION 


401 North Bendix Drive 
South Bend 20, Indiana Van Nuys, California 


We yas WEST'S LARGEST JET ENGINE RESEARCH AND DEVELOPMENT CENTER 


356 


pb 
é AIRCRAFT CO. 
: 
and 
Hag 


phenomena. High-speed photos taken 
through the window gave significant data 
oninstability. 


Ten More Companies 


pressure 

ATEST Corporate Members of ARS a 

reflect the Society’s growing interest 
infields contiguous to rocket and jet pro- pation 

jon—electronics, guidance, geophys- 
ig, radar, combustion, ramjets, accessory e 
components, etc. 

They include: 

ACF Industries, Inc., New York, N. Y. 
—manuiacturer of aircraft and missile 
emponents, control systems, warheads, 
igtruments, electronics. Divisions in- 
dude ACF Electronics, Alexandria, Va.; 
4yion Instrument Corp., Paramus, N. J.; 
dle, Md. Joining as individual Mem- ACCURATE 
bers are: Furrer, vice-president; H. SMALL SIZE 
Btherinzton, assistant to the vice-presi- 
dent; and J. Gilman Reid, Jr., general ee wce TYPE RUGGED 
manager, ACF Electronics Division. LIGHTWEIGHT 


Aerophysics Development Corp., Santa L - 
Monica, Calif., wholly owned subsidiary 
of Studebaker Packard—research and 


development on aerophysics including 


ywrodynamics, structural design, propul- High Pressure Transmitters 


don systems, and electronics. Principal 
developmental projects include complete Giannini pressure transmitters accurately 


nigsile system, jet propulsion system for translate pressure into proportional elec- 

ielicopters, new structural design for trical signals of relatively high power — 

supersonic aircraft and missiles, and a hy- : 
signals, that require little or no amplifica- 


personic vehicle for aerodynamic and 
geophysical research at very high alti- tion for utilization. These high pressure 


tudes. New Members from the com- transmitters incorporate a unique, direct- 

pay are: William Bollay, president and coupling arrangement between bourdon 

funder; A. Dean, research engineer; 5 
tube and potentiometer element which 


ad F. K. Feldman, J. B. Kendrick, and 
D.Shonerd, project engineers. obtains movement amplification without 
Air Products, Inc., Allentown, Pa.— the use of gearing or linkage, thus giving 
pincipally concerned with the design and high sensitivity, repeatability, and low 
itbrication of low-temperature equipment hysteresis. Specific models are available 
ach as generators for liquid or gaseous 
aygen, nitrogen, argon, etc., as well as or operation under either norma or 
sntainers, pumps and accessory equip- extreme conditions of vibration and 
nent for commercial and military applica- Ten : acceleration. 
P. Pool, Models also available for low pressure 
president; William H. Thomas, manager, . . 
and high alt 
pyernment sales; Frank E. Pavlis, itude lications 
teasurer; Edward J. Donley, sales 
manager; Clarence J. Schilling, chief 
engineer. WEIGHT GAGE ABSOLUTE DIFFERENTIAL 
Alco Products, Inc. (formerly A merican 0-100 psig 15-100 psia 0-100 psid 
lwomotive Company), Schenectady, N. Y. * 46129 0.75 Ibs. 
~producers of aircraft and missile com- = 
nents, also active in nuclear energy 
ied. Representing the organization as 0-6500 psig 0-500 0-600 
Members are R. T. Sawyer, manager of 
tearch; M.S. Silvey, manager market- 46119 psig 0-100 pela 0-100 psia 
lefense products; and F. P. Beards- 0-6000 psig 0-600 psia 0-600 psid 
I 
ty, assistant manager of marketing—de- 0-100 psig 
products. 0.75 Ibs. up to NONE NONE 
Research and Engineering Co., 
New York, N. Y.—research on fundamen- 
ts of combustion, lubrication, jet engine — 
ils. Company representatives in ARS Standard Resistance 2,000 ohms. * For Corrosive Media. ae 
For specific values of linearities, resolution, repeatability and hysteresis, write 
we W. J. Sweeney, vice-president; A. B. for bulletins. 
Cam) ton, section head in charge of « 
Wlation and jet fuels; N. H. Rickles, 
earch chemist; J. P. Longwell, section ee 
lad in charge of exploratory research; Giannini 
ad G. S. Tobias, group head in charge of ; 
leavy duty oils and waxes. 
meerchild Engine and Airplane Corp., | AIRBORNE INSTRUMENT DIVISION—G. M. GIANNINI & CO.,INC., PASADENA 1, CALIFORNIA 
lagerstown, Md.—research, development, 
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& SINCE 1915 LEADERS IN AUTOMATIC CONTROL 


HOW TO ZERO-SET 
RANDOM PHASE VARIATIONS 


Many modern control devices are designed for applications where 
sensed input signals fluctuate randomly about an approximately known 
frequency. In some of these applications, the information is conveyed 
by the phase relationship within one cycle, and the random cycle-to- 
cycle phase variations often submerge the signal in noise. Filtering, or 
averaging, techniques may be extremely difficult to devise because of 
the requirement for use within one cycle. 

The ingenious electro-mechanical solution shown above is a typical 
Ford answer to a difficult problem. It is rugged and reliable, yet com- 
pact and easy to service. In operation, a constant-speed motor drives a 
resolver at the required speed. The sensed input controls the operation 
of the clutch, and at each zero-crossing in the positive direction, de- 
couples the motor from the line. At the same time, the spring-loaded 
heart cam follower resets the synchro shaft to its zero position. 

In this manner, the resolver is reset to a prescribed phase relative to 
the signal at a fixed point of every cycle of the generated signal. 

This is another instance of how Ford’s engineering staff selects the 
most efficient device to solve a problem. Here at Ford mechanical and 
electronic devices are given consideration in solving any problem. 

Since 1915 the engineers at Ford Instrument Company have special- 
ized in such equipment as computers, controls, and servo-mechanisms 
in hydraulics, electronics, mechanics and magnetics for the Armed 
Forces and for industry. If you have problems in any of these fields, 
it will pay you to discuss them with Ford engineers. 


FORD INSTRUMENT COMPANY 


DIVISION OF SPERRY RAND CORPORATION 
31-10 Thomson Avenue, Long Island City 1, N. Y. i 


ENGINEERS 
of unusual abilities can find a future at FORD INSTRUMENT COMPANY. Write for information. 


manufacture of aircraft, missiles, engines 
electronics, guidance systems, components 
through Engine, Aircraft, Guided Missiles 


and Stratos Divisions. Company repre. 
sentatives have not as yet been named. 
General Electric Co., Aircraft Gas Tu. 
bine Development Dept., Cincinnati, Ohio~ 
research, development, manufacture oj 
turbojet, ramjet, rocket engines; guided 
missiles; auxiliary power units; 
propulsion engines. Named to re}resen; 
the company are David Cochran: , gen. 
eral manager; W. R. Travers, m:nager §? 
marketing section; Allan D. Beverage ? 
application planning engineer; Elliot: § 
Ring and Kurt Berman, both enzineer §™ 
in the rocket and ramjet section. st 
Marquardt Aircraft Co., Van Nuys, 
Calif.—research, development, m::nufae. the 
ture of aircraft powerplants ani com- 
ponents—principally ramjets, aft: rburn- 
ers, fuel nozzles. Members, in addition to bl 
Fellow Member Roy E. Marquart, who 
is president of the company, are: John . 
A. Drake, director, long-range pinning 
and research; Don L. Walter. vice. § 
president, engineering; John S. \Vinter, i 
chief engineer, powerplant engineering; yr 
and Paul J. Papanek, eastern represents- 
tive. bles 
Pan American World Airways, Inc, Bhp, 
New York, N. Y.—Guided Missiles Range 
Division operates at the Air Force Missile The 
Test Center, Patrick Air Force Ba-e, Fla. ‘ 
Representing the company as Members K 
are Juan T. Trippe, president; Franklin r 
Gledhill, vice-president; and Richard 
Mitchell, division manager, Charles L. 
Ellis, deputy division manager, Richard 
L. Yordy, base manager, all of the Guidedf 
Missiles Range Division. colle 
Thompson Products, Inc., Cleveland, pect 
Ohio—development and manufacture of § been 
accessories and components including jet § ard 
engine blades, rotor and stator compres ff and 
sors, turbine wheels, nozzle diaphragms, § the ¢ 
fuel and booster pumps. Representative § book 
Members are H. A. Shephard, E. P. Riley, fof th 
and A. T. Colwell, all vice-presidents; fo p 
A. L. Pomeroy, associate director, staff § prob 
research and development; and P. T. §iaitis 
Angell, manager, Accessories Division. culat 
abou 
Jobs in Jet Propulsion 4 
CONFERENCE on job opportunities J ®t 
in jet propulsion was staged by the §™* 
New York Section at the New York Uni- §™«t 
versity College of Engineering on April the a 
22. 
Speaking to the audience of college stu- uirly 
dents were Irvin Glassman, research as §" the 
sociate at Forrestal Research Center, jt 
Princeton Univetsity; Marvin N. Olsen, §" 
chief physicist at Reaction Motors, Inc; §" th 
Gerald A. Tacquin, supervisor of produc- 
tion methods and design at Fairchild H.C. 
Engine and Airplane Corp.; and Paul M.—" lig 
Terlizzi, head of the propellant. section fd P 
at the U. S. Naval Air Rocket Test Sts JW! 
tion, Lake Denmark, N. J. trely 
The program, chairmanned by Charle:§"® 
J. Marsel, director of the Section and as §°™™2 
sociate professor of chemical engincering ietail 
at NYU, was held in conjunction with the #™*tt« 
celebration of the university’s centennial vheth 
Harold Torgersen, assistant dean of the 
College of Engineering, welcomed the parc 
group. 
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Book Reviews 


The Viking Rocket Story, by Milton W. 
Rosen, Harper & Brothers, New York, 
1955, 242 pp. $3.75. 

Reviewed by C. F. WARNER 
Purdue University 


The sounding rocket Viking was devel- 
in order to conduct upper atmo- 
gheric research and for this reason can be 
discussed fully in the popular press. This 
hook presents an intensely interesting 
sory of the development and firing of the 
original ten Viking rockets. Mr. Rosen, 
the scientific officer in charge of the proj- 
ect, through his graphic wording, makes 
the reader feel that he is standing in the 
blockhouse throughout the hectic preflight 
period and during the actual firing of each 
of the rockets. In addition to presenting 
the history of the development of the first 
successful large liquid propellant sounding 
rocket made in this country, Mr. Rosen 
tells of the men responsible for the success 
of the Viking venture. 
The excellent pictures and the two ta- 
bles of weights and performance data will 
be of interest to the technical reader. 


The Atmospheres of the Earth and Plan- 
ets, revised edition, edited by Gerard P. 
Kuiper, University of Chicago Press, 
1952, 450 pp. $8.50. 

Reviewed by S. F. SINGER 
University of Maryland 
This volume represents an outstanding 
collection of monographs on various as- 
pects of planetary atmospheres. It has 
been coherently edited by Professor Ger- 
ad P. Kuiper, himself a noted authority 
and active contributor to the problems of 
the atmosphere of Mars and Venus. The 
ook is mainly devoted to the properties 

{the earth’s atmosphere and is therefore 

i primary interest in connection with 

problems of high altitude vehicles. The 

ititial chapter deals with the general cir- 
ulation of the lower atmosphere up to 
bout 50,000 ft. This is, of course, the re- 
gon where most of the air mass is located 
ind where the effects of winds are of the 
geatest importance on the motions and 
tajectories of high altitude vehicles. At 
mich higher altitudes the influence of 
the atmosphere itself is very slight in rela- 

ion to other environmental effects. A 

tirly extensive discussion is given on some 

ithe earlier rocket experiments on solar 
itraviolet radiation and the distribution 
fozone. There are three major chapters 

ithe present volume which contain a 

meat deal of original work. Professor 

1. C. van de Hulst discusses the scattering 

light in the atmosphere of the earth 

iid planets in a very complete way. Our 

nowledge of other planets is almost en- 

tirely based on the scattered sunlight which 

ve receive from them. Professor P. 

‘wings and A. B. Meinel describe in great 

ietail the character of the light which is 

mitted from the upper atmosphere, 
thether by photochemical activity or 
through the incidence of extraterrestrial 
jarticles which excite the aurora. The 
terrestrial atmosphere above 300 km is far 
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salient points. 


C. F. Warner, Purdue University, Associate Editor 


removed from direct observations, even 
with high altitude rockets. Professor L. 
Spitzer discusses the nature of this region, 
the escape of light gases from the earth’s 
atmosphere and the question of high 
temperatures at these altitudes. 

Material is presented on the question of 
the formation and evolution of the earth’s 
atmosphere and on the origin of the at- 
mospheres of other planets. This is tied 
in with spectroscopic observations of 
other planets and with the search for rare 
constituents of our own 


sorption. 


living matter on Mars. He believes that 


there are probably very primitive plants 


such as lichens. He concludes: “If life 
truly exists on the only two planets of the 


solar system that are at all suitable to sus- 


tain it, it is tempting to conclude that, af- 
ter enough time has elapsed, it will de- 
velop spontaneously wherever conditions 
permit. Since planetary systems are pre- 
sumed to be very numerous, life would 
then be no exception in the universe.” 


Elements of Servomechanism Theory, by 
George J. Thaler, McGraw-Hill Book 
Co., Inc., New York, 1955, 282 pp. 
$7.50. 

Reviewed by JosepH D. ScHANTz 
Bell Aircraft Corporation 


In his preface, the author states that this 
textbook was written with a threefold pur 
pose: 1 To present the basic theory 
without using operational calculus or 
complex variable theory. 2 To empha- 
size frequency response methods since 
these are commonly used in practical engi- 
neering. 3 To integrate and compare 
the polar and logarithmic approaches to 
analysis and design. 

This purpose has been achieved in 
twelve chapters. The introductory chap- 
ter is followed by a chapter on General As- 
pects of Analysis and Design. 
chapter is an elementary discussion of 
Transient Analysis of Servomechanisms. 
The next two are devoted to Transfer 
Functions and Transfer-Function Plots. 
The sixth, 
present an Analysis of Single-Loop Sys- 
tems, Methods of Meeting Performance 
Specifications, and Gain Adjustment of 
Servomechanisms. The next two chapters 


consider the problem of Series Compensa- 


tion and Feedback Compensation, while 
the remaining two chapters are very brief 
introductions to Advanced Topics—Linear 
Theory and Non-Linear Systems. Three 


appendices provide Tables of Numerical 
Data, a description of some common Servo | 


Components, and an Introduction to the 
Laplace Transformation. 
The book is patterned closely after the 


well-known “Principles of Servomecha- 


nisms’ by G.S. Brown and D. P. Campbell, 


but at a much more elementary level than 
the treatment in that book. 
main topics is preceded by an introduction 
and followed closely by a summary of its 
In the main, the treatment | 


Each of the 


| Angular 


atmosphere 
through the observations of infrared ab- 
Finally, Professor Kuiper puts 
forth his views concerning the existence of 


The third | 


seventh and eighth chapters | 


Acceleration? 


SS GS 
does! 


...and uses Statham Angular 


Accelerometers to test... 


8-52 
STRATOFORTRE 


847 
STRATOJET 


Statham unbonded strain gage liquid 
rotor angular accelerometers offer a 
simple, reliable means for the study of 
the rotary motion of a test body under 
conditions where a fixed mechanical 
reference is not available. For static 
and dynamic measurements in ranges 
from +1.5 to +3,000 rad/sec® four 
standard models are offered. 


Please request Bulletin AA2 
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GOING HIGHER TOGETHER: 


Combustion Interest & 
in CARBON 


With modern rocket fuels becoming hotter and hotter to 
handle, combustion engineers are examining carbon for 
short-time strength at extremely high temperatures. 


Results are encouraging: 


* Carbon and graphite are both established re- 
fractory materials. They have softening points 
well above those of steel alloys. 

* According to recent investigations, the tensile 
strength of graphite actually increases with 
temperature—up to about 5432° F. 

* Carbon and graphite parts can be machined 
to precise specifications. 


Speer has extensive back. 
ground in applications of car- 
-; bon as a refractory material. 
_ What high-temperature prob- 
lem can we solve for you? 


we 


is clear and didactic, giving evidence of th. 
author’s experience as a teacher. Meth. 
ods of analysis are clarified by the use oj 
detailed illustrative examples, and gy 
adequate assortment of problems is pr. 
vided at the ends of key chapters. 

The principal shortcomings of this book 
are the following: 

1 Lack of careful editing. In a rath 
rapid review, numerous mistakes in the 
form of grammatical errors, mathematica) 
errors, and typographical errors or omis 
sions were found. Perhaps the most sg 
rious errors are those found on p:ges 95 
and 96 where equations 5-25 and 5-26 ar 
incorrect and equation 5-27 is misleading 
The text associated with these equ:itions js 
a rather inadequate introduction to decibel 
vs. phase-angle plots which ar: used 
rather extensively later in the book 

2 The very scanty treatment of th 
effects of noise and the corresponding] 
brief mention of the rms error criterion, 

3 Only casual allusion to the value of 
analog computer techniques—a very povw- 
erful analytical tool which deserves mor 
recognition even in an introductory text- 
book. 

Despite the deficiencies noted above 
the textbook should serve its intended pur. 
pose quite adequately since an alert in 
structor will help the beginning student 
through the inadequacies of the text. The 
book is not recommended for the engi- 
neer in industry who wishes to obtait 
an acquaintance with servomechanisms 
through home study. 


Introduction to Nuclear Engineering, b 
Richard Stephenson, McGraw-Hill Book 
Co., Inc., New York, 1954, 387 pp. $8 

Reviewed by A. R. CRockER 
General Electric Co. 
Aircraft Nucelar Propulsion Dept. 
Nuclear engineering is a new branch of 


engineering science which arose near the 
end of World War II primarily by the 


| merging of nuclear physics and chemical 


the problems associated with the work. 
The ten chapters are entitled: 1 Re 
| view of Nuclear Physics. 2 Nuclear 


engineering. Despite the growing de 
mand for nuclear engineers, originating 
from the expanding military and industria 
applications, too few educational institu- 
tions have provided adequate course work. 
This may be due, in part, to the fact that 
there have been essentially no textbooks 
that properly cover the field. This book 
should go a long way in filling the gap. 
It will also enable others already trained 
in science and engineering to understand 


Fission. 3 The Nuclear Chain Reactor 
4 Reactor Theory. 5 Radiation Shield- 
ing. 6 Materials of Construction. / 
Reactor Instrumentation and Control 
8 The Separation of Stable Isotopes. ° 
Chemical Separations and _ Processing 
10 Special Techniques of Nuclear Engi- 
neering. They form an excellent intro 
duction to each subject and fulfill th 
stated object of the book “‘. . . an introduc 
tory survey of the nuclear-energy field for 
engineers. ..’’ A number of good prob- 
lems at the end of each chapter enhances 
its value as an engineering textbook. 

The author assumes the student is [amil- 
with elementary nuclear physics 
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“Slee before 


above Outlet ports. Pump delivers over 2 gpm 
d pur- at 5050 RPM and 1050 psi. Low weight 


obtait 
anisms 


Look what’s happ ydraulic pumps! Packed into the 
tiny envelope ill f above is a miniaturized hydraulic 
ng, pump of advance sign—the Pesco Cartridge Pump. 
|| Book a ion answers the need for extremely com- 
- oa pact pump ncorporation into packaged hydraulic or 
| ' lubrication ems. They are Pesco-designed to be integral 
Seema! such assemblies, relieving manufacturers of 
gms of designing, producing or servicing their own 
By giving Pesco this responsibility, manufacturers 


pt. 


nch of 
ar the 


the th pump specialists having extensive experience. The 
x i ae vi : —packaged systems that operate better and more de- 
nating Bit — idee dably are produced with fewer headaches. 

Cartridge Pumps have all the outstanding features you 
walk ‘ ; Fy would expect to find in a Pesco pump including “Pressure 
t that Loaded” bearings for longer service life and higher volumetric 
— efficiency. In addition, they require no shaft seals or external 
> op. a pthe standard plumbing connections and may be mounted in the oil sump. 
rained ptt These gear-type pumps operate at pressures to 4,000 psi and 
speeds to 12,000 RPM. 


Can we work with you in designing a Cartridge Pump for 
your packaged system? Your project will receive the personal 
hield _ attention of skilled engineers to assure a successful solution. 

- For details, write: PESCO, 24700 North Miles Road, 


mn. 
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TESTING 
DEVE LOPMENT 


MANUFACTURING... 


OMPLETE ENGINEERING and processing service on 
G all types of high precision parts... 

A staff of experienced design and testing engineers 
with facilities for testing and developing functional parts 
to your specifications . . . 

A new modern plant equipped with the latest precision 
generating machines—and mechanics with the know-how 
to transform tool makers’ methods and gauge-makers 
precision into mass production metheds... 

Whether you are interested in system control compo: 
nents for aircraft, servo-mechanisms, hydraulic or pnev- 
matic prime mover controls, diesel fuel injection equip: 


ment or other parts that require high precision—a letter 


or phone call to Micro-Precision will assure you of 


prompt, courteous attention. 


MICRO-PRECISION DIV. 


2205 Lee Street, Evanston, Illinois « Davis 8-677! 


MICROMATIC HONE CORPORATION). 
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No only is this true but if the student is to 
ynderstand fully the material on reactor 
theory he should be somewhat familiar 
yith advanced mathematical methods, at 
ast advanced calculus. However, the 
mathematical sections are very well writ- 
in and the numerous examples aid in un- 
derstanding the text. 

Because of the growing accent on power 
actors, both military and industrial, the 
reviewer feels that the heat transfer prob- 
lems peculiar to the design of power reac- 
tors should have recived more attention. 
The chapter on radiation shielding is a 
contribution to the unclassified literature 
and represents information that has not 
heen readily available heretofore. 

Since the technical literature is classified 
and the suthor does not indulge in science 
fetion, the reader will not find applica- 
tions of nuclear power to jet propulsion 
discussed. However, the basic informa- 
jon on reactor design prerequisite to this 
study is well covered. 

In general, the book is essentially free of 
misprints and errors and is written in a 
id style throughout. The author is to 
ecommended on organizing the scattered 
unclassified information in a logical and 
radable manner. The book is highly rec- 
mmended to those who wish to start a 
vrious study of nuclear engineering. 


Book Notices 


The Gyroscope Applied, by K. I. T. 
Richardson, Philosophical Library, Inc., 
New York, 1954, 384 pp. $15. 

A nonmathematical descriptive presen- 
tation of the gyroscope and associated con- 
irol equipment used in various fields. The 
wok is divided into the following five 
main sections: The Fundamentals, Ma- 
rine Applications, Aeronautical Applica- 
tions, Military Applications, and Other 
Applications. The major portion of the 
iook is devoted to describing the gyro- 
vopes and component equipments used on 
tireraft and ships for navigation and stabil- 
ity control. Approximately thirty-five 
jages are devoted to weapon and missile 
plications. Numerous pictures and 
vhematic drawings are used to illustrate 
ud clarify the text material. While the 
majority of the gyroscopic systems des- 
ribed are of either English or American 
origin, some German and French items are 
overed. 


National Telemetering Conference, In- 
‘itute of the Aeronautical Sciences, New 
York, 1954, 179 pp. $2. 

The complete papers and the discus- 
‘ons of the papers presented at the con- 
rence held at Chicago, May 24-29, 1954, 
der the joint sponsorship of Institute of 
ladio Engineers, Instrument Society of 
\merica, Institute of the Aeronautical Sci- 
ices, and the American Institute of Elec- 
‘real Engineers. 


Utilization of Heat Resistant Alloys, 

\merican Society for Metals, Cleveland, 
mo, 1954, 288 pp. $6. 

This volume contains eleven papers pre- 
‘ated at a symposium of the Society for 
Metals held in honor of Albert E. White. 
The papers cover such topics as creep and 
acture, stress calculations for design for 
‘teep, conditions, materials for jet engines 
ind aircraft gas turbines. 


Advanced Dynamics of a System of 
Rigid Bodies, 6th edition, by Edward J. 
Routh, 1905, republished by Dover Pub- 
a Inc., New York, 1954, 484 pp. 


Here’s a multi-channel data-recording 
system flat to 3000 cps and capable of 
stretching 1/100th of a second out over 
a full 5-inch length of record. It’s 
exactly what’s needed for capturing 
high-speed transient data in clear, 
graphic form, easily interpreted. The 


combination of these two instruments— 


the 5-114 Recording Oscillograph and 


‘the 1-127 Carrier Amplifier—is invalu- 


able in blast measurements, rocket 
studies and high-frequency shock and 
vibration analysis... all fields of in- 


creasing importance. 


5-114 RECORDING OSCILLOGRAPH... 
most widely used, most versatile 
oscillograph in the world today. Either 
18 or 26 traces on 7” paper or film. 
High-speed accessory magazine holds 
250 ft. of paper and permits record 
speeds up to 500”/sec. SEND FOR CEC 
BULLETIN 1500C-X2. 


Both the 5-114 and 1-127 may be combined with other recording — 
and amplifying instruments. And like all CEC products, they 
are backed by a nationwide engineering and service organization. | 


1-127 20-KC CARRIER AMPLIFIER... 
superior gain, zero stability and line- 
arity, and over-all performance never 
before offered. A self-contained, 
4-channel unit usable with resistance 
or reluctance pickups from 0 to 3000 
cps. FULL INFORMATION IN CEC 
BULLETIN 1550A-X2. 


Consolidated Engineering | 


Corporation 


ELECTRONIC INSTRUMENTS FOR MEASUREMENT AND CONTROL 
300 North Sierra Madre Villa, Pasadena 15, California 


Sales and Service Offices Located in: Albuquerque, Atlanta, Boston, Buffalo, Chicago, Dallas, - 
Detroit, New York, Pasadena, Philadelphia, San Francisco, Seattle, Washington, D. C. A _ 
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NUTT-SHEL co., Inc. 
811 Airway, Glendale 1, Calif. 
Phones: CH 5-3693; Cltrus 4-4191 


Manufacturers of self-locking 
anchor nuts & nut and bolt 


Pacific Northwest: Lou R. O'Connor 
Co., Seattle * Mid-Continent: C.V. 
Qually, St. Louis * Southwest: R. G. 
Brandes, Houston © East of Missis- 
sippi: Russell Associates, Bright- 
waters, L.I., N.Y., Buffalo, Bronx; 
Cincinnati, Detroit, Chicago; 
Waterbury, Conn.; Atlanta 
Canada: Parmenter & Bulloch Mfg. 
Co., Ltd., Gananoque, Ont. 


DESIGNS 


problems 


To solve the increasingly complex 
assembly problems of aircraft, more 
special purpose fasteners are needed 
today than ever before. Shown here 
are four of these nuts. Each was 
designed by Nutt-Shel to solve a 
special fastening problem. 
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Genisco Rate-of-Turn Tables 
facilitate fast, precise 
calibration and 
evaluation of rate gyros 


Ball-disc integrator drive provides 
infinitely variable rates from 0.01° to 
1200°/sec. 


EXTREMELY ACCURATE... constancy of angula 
velocity of the turntable is within 0.1%, including 
wow and drift errors, at any rate. 

SMOOTH, CONSTANT ROTATION ... unique synchro: 
nous motor, designed specially for this applica 
tion, has large diameter rotor; high polar inertia 
EASY TO OPERATE...single handwheel controls 
turntable speed. Inexperienced personnel can 
operate machine after few minutes instruction. 
IDEAL FOR LARGE VOLUME TEST PROGRAMS.. 
ruggedness, simple operation, repeatability, and 
versatile mounting facilities make it the idea 
machine for production-line testing. 

PRECISE REPEAT POSITIONING ... within 0.2% in 
same rotational direction; 0.5% in opposite direc: 
tion, under 500° per second. 

LOW ELECTRICAL NOISE LEVEL... better than —5 
dbm per slip ring circuit (zero dbm = 1 mw it 
600 2). 

UNUSUALLY RUGGED .. . built to take years of cor 
tinuous use; requires only minimum amount of 
maintenance. 


TABLE CAPACITY... 100 pounds. 


ACCESSORIES INCREASE ITS USEFULNESS! 


SUB-RANGE ADAPTER...extends low range of 
Genisco Rate-of-Turn Table to 0.0001° per second. 


PRECISION STROBE UNIT... for use in areas where 
accuracy of line frequency is questionable, or fo 
calibration of gyros with accuracies better thar 
line frequency. 


MOUNTING STANDS... available in portable ani 
fixed models. 


Send today for complete specifications. Please dire 
your inquiry to Contracts Manager, Genisco, |ncorpo” 
ated, 2233 Federal Avenue, Los Angeles 64, Califoris 
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Westvaeo is now in its second year of commercial p 


a | duction of high quality UDMH. We can make immediate 
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— tonnage shipments = k. We have the plant, 


personnel and know-how ply very large quantities 
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DEVELOPMENT DEPARTMENT 


Westvaco Chlor-Alkali Division 
FOOD MACHINERY AND CHEMICAL CORPORATION 
General Offices . 161 East 42nd Street, New York 17 


CHARLOTTE, N.C. *« CHICAGO, ILL. » DENVER, COLO. * PHILADELPHIA, PA. » ST. LOUIS, MO. 
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i Technical Literature Digest 


Jet Propulsion Engines 


H. 8. Rainbow, J. Roy. Aeron. Soc., vol. 
59, April 1955, pp. 249-258. 

Turbine-Blade Vibration and Strength, 
by W. E. Trumpler, Jr., and H. M. Owens, 
Trans. ASME, vol. 77, April 1955, pp. 
337-341. 

Analytical Determination of Effect of 
Water Injection on Power Output of 
Turbine-Propeller Engine, by Albert O. 
Ross and Merle C. Hippert, NACA TN 
3403, March 1955, 29 pp. 

Two Roles for One Turbojet—the Viper, 
by H. Denamur, Interavia, vol. 10, March 
1955, pp. 181-182. 

Two-Dimensional Retractable Ramjets, 
by O. Reder, Interavia, vol. 10, March 
1955, pp. 197-198. 

Auxiliary Jet Power Poses Problems, 
4 by George L. Christian, Aviation Week, 
-vol. 62, May 1955, pp. 63-64. 


Development of the Multijet Engine, 
Final Rep., Aerophys. Dev. Corp. Rep. 
2003-1-R5, Oct. 1, 1954, 147 pp. 

Lubricating Turbojet Engines for All 
; Flight Conditions—At Higher and Higher 


Altitudes, by W. H. Wetmore, Gen. Elec. 
Rev., vol. 58, March 1955, pp. 32-36. 
Trensiont Characteristics of a J48-P-6A 
; 2 Turbojet Engine at Sea Level, Static 
1 Conditions, by P. Horn, U. S. Nav. Air 
Mat. Cent., Aeron. Engine Lab. AEL-1319, 
- Nov. 18, 1954, 15 pp. 

Production of the Aircraft Turbine 
Engine, by Kk. T. Fulton, Aeroplane, 
vol. 88, March 1955, pp. 301-326. 

Free-Piston Gas-Turbine Prime Movers 
... A Review of Basic Principles, by A. J. 
= Ehrat, Mech. Engng., vol. 77, March 1955, 
x pp. 212-216. 
Augmenting Helicopter Take-Off Power 
by Ramjets, by R. T. Devault, Aircraft 
Engngqg., vol. 27, Feb. 1955, pp. 34-36. 
Component Testing of a Cooled Radial 
Flow Turbine, Development of Equipment 
and Instrumentation and Performance 
Calculation Procedures, by D. W. Craft, 
E. N. Petrick, and R. D. Smith, Purdue 
Univ., Gas Turbine Lab. Rep., RM-55-1, 
_ April 1955, 138 pp. 


Rocket Propulsion Engines 


Servo-Stabilization of Low-Frequency 
Oscillations in Liquid Propellant Rocket 
, Motors, by F. E. Marble, Z. Angew. Math. 
Physik, vol. 6, Jan. 1955, pp. 1-35. 
- Similarity Analysis for Chemical Re- 
) actors and the Scaling of Liquid Fuel 
Rocket Engines, by S. S. Penner, Cal. 
Inst. Tech. Guggenheim Jet Prop. Cent. 
Tech. Rep. no. 8, Nov. 1954, 41 pp. 
Combustion Instability in Liquid Pro- 
pellant Rocket Motors; Low-Frequency 
Oscillatory Phenomena (in Italian), by E. 
Macioce, L’ Aerotecnica, vol. 34, Dec. 1954, 
pp. 319-325 


The Design of Small Jet Engines, by 


Combustion Instability in Liquid Pro- 
pellant Rocket Motors. Quarterly Prog- 
ress Report for the Period 1 August-31 
October, 1954, Princeton Univ. Dept. 
Aeron. Engng. Rep. no. 216-J, Dec. 1954, 
39 pp. 


Heat Transfer and 


Fluid Flow 


On Unsteady Flow Through a Cascade 
of Aerofoils, by L. C. Woods, Proc. Roy. 
Soc., vol. A228, Feb. 15, 1955, pp. 50-65. 

On the Propagation of Shock Waves in 
Regions of Non-uniform Density, by C. W. 
Jones, Proc. Roy. Soc., vol. A228, Feb. 15, 
1955, pp. 82-99. 

An Investigation of the Coanda Effect 
for Supersonic Flows, by Kuo-Tai Yen, 
Rensselaer Polytech. Inst. Dept. Aero. 
Engng. Rep. no. OSR-TN-54-130, March 
18, 1954, 30 pp. 

Impact Pressure and Total Temperature 
ber, Graves and N. R. Quiel, 
Calif. ech. Guggenheim Aeron. Lab. 
Memo no. 20, July 26, 1954, 50 pp. 

Some Factors Affecting the Design of 
Crossflow Heat Exchangers for Gas Tur- 


bines, by Ahmed Ezzat, Cairo Univ. 
Faculty of Engng. Bull., 1953-1954, pp. 
141-162. 


Boiling Heat Transfer; What is Known 
About It, by W. H. Jens, Mech. Engng. vol. 
76, Dec. 1954, pp. 981-986. 

Some Measurements of Boiling Burn- 
out, by Warren H. Lowdermilk and Walter 
F. Weiland, NACA RM E54K10, Feb. 
1955, 18 pp. 

Thermodynamical Properties of Air for 
Temperatures Between —75° and —170°C 
and Pressures up to 1200 Atmospheres, 
by A. Michels, T. Wassenaar, and G. J. 
Wolkers, Appl. Scien. Res., Sect. A, vol. 
5, no. 2-3, 1955, pp. 121-136. 

Luminescence Produced as a Result of 
Intense Ultrasonic Waves, by Virginia 
Griffing and Daniele Sette, J. Chem. Phys., 
vol. 23, Mar. 1955, pp. 503-509. 

A Theory of Stability of Plane Shock 
Waves, by N. C. Freeman, Proc. Roy. Soc., 
vol. 228, March 8, 1955, pp. 341-362. 

Forces and Moments on a Droplet in 
Shear Flow (in German), by J. Ziereys, 
Z. Flugwissenschaften, Jan. 1955, pp. 22- 
25. 


Combustion 


The Effect of Burner Shroud Air on a 
Fuel Spray, by H. Clare, Gt. Brit. Natl. 
Gas Turbine Estab. N.G.T.E. M.223, July 
1954, 12 pp. 

The Combustion of Single Droplets of 
Fuel, by K. Kobayasi, Engineers’ Digest, 
vol. 16, ‘Jan. 1955, pp. 17-18. 

Flame Stability of Preheated Propane- 


Epitor’s Note: 


stimulating papers which have come to the attention of the contributors. 
literature is unavailable because of security restrictions. 
to our attention, as well as comment on how the department may better serve its function of providing leads to the jet propulsion applic 


tions of many diverse fields of know ledge. 
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This collection of references is not intended to be comprehensive, but is rather a selection of the most significant an! 


M. H. Smith, Associate Editor, and M. H. Fisher, Contributo, 
The James Forrestal Research Center, Princeton University 


air Mixtures, by Gordon L. Dugy 
Indust. Engng. Chem., vol. 47, Jan. 195; 
pp. 109-114. 
Flame Velocity and Preflame Reactio, 
in Heated Propane-air Mixtures, }) 
Gordon L. Dugger, Robert C. Weast, ani 
Sheldon Heimel, Indust. Engng. Chem., vol, 
47, Jan. 1955, pp. 114-116. 
Flame Stability Studies on an Inverted 
Bunsen Burner, by Philip F. Kurz. [ndus 
Engng. Chem., vol. 47, Jan. 1955, yp. 121- 
127. 
Investigation of Limits of Flame Sta. 
bility°of Disk Flame Holders in a Free 
Stream, by Gustave G. Kutzko an 
Abbott Putnam, Battelle 
Tech. Rep. no. 150-33-4, Jan. 1955. ‘ 
Kinetics of Combustion of 
Monoxide, by G. A. Barskii an 
Zel’ dovich, translated from Fizi 
cheskoi Khimii, vol. 25, May Pp 
523-527 (typewritten ). 
Ignition-delay Determinations of Fur- 
furyl Alcohol and Mixed Butyl Mercaptans 
with Various White Fuming Nitric Acids 
Using Modified Open-cup and Small. 
scale Rocket Engine Apparatus, b\ Dezs 
J. Ladanyi, Riley O. Miller, and Gle 
Hennings, NACA RM E53E29, Fel). 1955 
17 pp. 
A Thermal Equation for Flame Quench- 
ing, by A. E. Potter, Jr., and A. L. Berlad 
N. acd TN 3398, Feb. 1955, 18 pp. 
Temperature-Composition Limits of 
Spontaneous Explosion for Nine Alkyl- 
silanes with Air at Atmospheric Pressure, 
by Rose L. Schalla and Glen E. MceDon- 
ald, NACA TN 3405, Feb. 1955, 13 pp. 
Chain Breaking and Branching in the 
Active-particle Diffusion Concept of 
Quenching. by Frank E. Belles and A. L 
Berland, NACA TN 3409, Feb. 1955, 37 
pp. 
Stabilization of Energy-Rich Molecules. 
I. Energy Transfer with Hydrogen, 
M. Boudart and J. T. Dubois, J. Chem 
Phys., vol. 23, Feb. 1955, pp. 223-229. 
Effect of Turbulence on Incipient Flame 
Propagation, by H. L. Olsen and E. L 
Gayhart, J. Chem. Phys., vol. 23, Feb 
1955, pp. 402-403. 


Fuels, Propellants, 
and Materials 


Liquid Rocket Fuels, by M. A. Pino 
Calif. Research Corp. Final Rep., Oct 
1951—June 1953, 106 pp. 

Joining of Titanium Carbide-Nicke! 
Cermets, by Malcolm Basche, Romeo G 
Bourdeau, and John Wulff, Mass. [nst 
Tech., Tech. Rep. 54-211, Jan. 1954, 17 pj 

Study of the Microstructure of Cermets, 
by Herbert W. Newkirk, Thomas > 
Shevlin, and Charles A. H: wick, Ohio State 
Univ. Res. Found. Bimonthly Rep. no 
18, March 29, 1954, 15 pp. 
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Blect. J., vol. 153, Dec. 3, 1954, p. 1769. 

Research on Ultra-Energy Fuels for 
pocket Propulsion, by C. L. Randolph, 
Jeret-General Corp. Rep. no. 1219-1, 
June 18-Sept. 17, 1954, 7 pp. 

The Automatic Grinding of Turbine 
Blades, Atrer. Engng., vol. 27, Jan. 1955, 
p. 24. 

Heat Resistant Cast High Alloys, by 
¢. K. Lockwood, Product Engng., vol. 26, 
Feb, 1955, pp. 163-167. 

Protection of Titanium Metal Against 
Embrittlement, by Herbert R. Toler, Jr., 
Bull. Amer. Ceram. Soc., vol. 34, Jan. 1955, 
mp. 4-8. 

Values of Thermodynamic Functions to 
12,000°K for Several Substances, by 
V. Fickett and Robert D. Cowan, Los 
Almos Scientific Lab. LA-1727, Sept. 1, 
1954, issued Jan. 18, 1955, 21 pp. 


Instrumentation and 
Experimental Techniques 


A Method for Constructing Direct Read- 
ing Thermistor Thermometers, by J. A. 
MeLean, J. Sct. Instrum., vol. 31, Dec. 
1954, pp. 455-457. 

A Simple Microscope Attachment for 
Observing High-Temperature Phenomena, 
by J. H. Welch, J. Sez. Instrum., vol. 31, 
Dec, 1954, pp. 458-462. 

Isothermal Jacket Microcalorimeter for 
Heat Effects of Long Duration, by Paul 
Gordon, Rev. Sci. Instrum., vol. 25, Dec. 
1954, pp. 1173-1177. 

Measurement Techniques for Special 
Noise Problems, by G. L. Bonvallet and 
8. M. Potter, Notse Controll vol. 1, Jan. 
1955, pp. 46-53. 

Rocket Research Report No. 17; Pro- 
pellant Level Sensors for Viking, by Allen 
W. Niles and Roger L. Easton, Naval Res. 
lab. Rep. 4454, Dec. 17, 1954, 29 pp. 

The Hot Wire Anemometer for Turbu- 
lence Measurements, Gt. Brit. A.R.C. 
P.M. 1527¢, April 15, 1954, 16 pp. 

A Corrected Speed Tachoscope, by R. 
Staniforth, Gt. Brit. Natl. Gas Turbine 
Estab. N.G.T.E. M.217, May, 1954, 9 pp. 
Astudy of Thermistor Materials for Use 
as Temperature Sensing Elements in the 
High Velocity Exhaust Gases of Jet Type 
Engine, by Harriet R. Wisely, Paul D. 
Freeze, Ernest F. Fiock, Wright Air Devel. 
Cent. Tech. Rep. 54-388, Nov. 1954, 85 pp. 
Electronic Pulse Method for Measuring 
the Velocity of Sound in Liquids and 
Solids, by N. P. Cedrone and D. R. Cur- 
ran, J. Acoust. Soc. Amer., vol. 26, Nov. 
1954, pp. 963-966. 

Design and Performance of Throttle- 
Type Fuel Controls for Engine Dynamic 
Studies, by Edward W. Otto, Harold 
Gold, and Kirby W. Hiller, NACA TN 
345, Apr. 1955, 39 pp. 

Compressor Test Rig for Investigation 
of Flow Phenomena in Turbomachines, 
by M. H. Vavra and T. H. Gawain, 
Naval Postgrad. School Tech. Rep. 12, 
Feb, 1955, 78 pp. 


lerrestrial Flight, 
Vehicle Design, etc. 


Aerodynamic Design of a High-Altitude 
Rocket, by A. W. Peppers, Aeron. Engng. 
Rev., vol. 14, Apr. 1955, pp. 43-47. 

Foreign Rockets and Guided Missiles, 
1954, by Norman J. Bowman, J. Space 
Plight, vol. 7, Apr. 1955, pp. 1-6. 


TO THE FINE ENGINEERING MIND 


SEEKING THE CHALLENGING PROJECTS IN 


3302 PACIFIC HIGHWAY 


AERODYNAMICS 


AERODYNAMIC ENGINEERS AND SCIENTISTS are urgently needed now at 
Convair in cool, beautiful San Diego, California. Excellent career opportunities 
exist for junior and senior engineers for aerodynamics, performance and heat 
transfer analyses related to advanced projects in the supersonic Mach number 
range. A balanced background in experimental and theoretical aerodynamics 
is ideal for these positions. Analytical aerodynamic studies using analogue and 
digital computers are an integral part of this work. Challenging positions are 
also available for aerodynamicists experienced in research and development 
wind tunnel and firing range tests. 

CONVAIR offers you an imaginative, explorative, energetic engineering depart- 
ment...truly the “engineer's” engineering department to challenge your mind, 
your skills, your abilities in solving the complex problems of vital, new, long- 
range programs. You will find salaries, facilities, engineering policies, educational 
opportunities and personal advantages excellent. 

COOL, SMOG-FREE SAN DIEGO, lovely city on the coast of Southern California, 
offers you and your family a wonderful, new way of life ...a way of life judged 
by most as the Nation's finest for climate, natural beauty and easy (indoor- 
outdoor) living. Housing is plentiful and reasonable. 


Generous travel allowances to engineers who are accepted. Write at once 
enclosing full resume to: 
H. T. Brooks, Engineering Personnel Dept. 1407 


CONVAIR 


A Division of General Dynamics Corporation . 
SAN DIEGO, 
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U. S. Guided Missile Progress, 1954, 
by Norman J. Bowman, J. Space Flight, 
vol. 7, Mar. 1955, pp. 1-10. 

Numerical Solutions for Jump Angle of 
Spin-Stabilized Rockets as Obtained by 
Electronic Computers, by R. G. Richards, 

. W. Hussey, and Benjamin Chereek, 
Redstone Arsenal Rep. A-17-c, Nov. 2, 
1953, 37 pp. 


Space Flight, 
Astrophysics, Aerophysics 


Geodetic Significance of a Minimum 
Satellite Vehicle, by I. M. Levitt, Astro- 
nautics, vol. 2, Spring 1955, pp. 1-6. 

Beneath the Clouds of Venus, by Pat- 
rick Moore, Astronautics, vol. 2, Spring 
1955, pp. 7-8. 

Astronautics in the United States, by 
Frederick I. rae A and Heyward E. 
Canney, Jr., Astronautics, vol. 2, Spring 


1955, pp. 9-13. 
Physiological Laboratories in Rockets, ae C A L L i N G C A we D fF O ke 


by James P. Henry, Astronautics, vol. 2, 
Spring 1955, pp. 22-26. 
The Planet Mars, by P. Moore, J. : A 3 ed ; L L } ANT 
Brit. Interplan. Soc., vol. 14, March- De, : FE U T U R F eee 


April 1955, pp. 65-84. 


Atomic Ener ey Bendix Missile Section is a major contractor in the U. S. Navy’s guided 


On the Problems of Cooling Nuclear missile program --a part of the “new look” in our defense plan. Our 
Working Fluid Rockets Operating at di h 
Extreme Temperatures, by J. Kaep- expanding program has many opportunities for senior engineerin 
Bec. vol. 14, personnel: Electronics Engineers, Dynamicists, Servo-Analysts, Stress 

Safety Aspects of Nuclear Reactor Con- Analysts, Project Coordinators, and Designers. Take time now to loo 
trol, by J. I. Owens and J. H. Pigott, into the opportunities which Bendix can offer you. Write Employmen 


PP Dept. M, 401 Bendix Drive, South Bend, Indiana. 
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